Abstract
There are several systematic methods designed to link genes to cellular
processes. These methods are derived from different hypotheses and are largely
complementary to each other. This dissertation presents a systematic study of
functional genetics and related phenotypes using quantitative methods. The first part of
this dissertation will report the successful identification and characterization of 28 genes
in the multicellular bacterium Myxococcus xanthus using three different methods:
sequence homology, transcription activation and protemoics. The results from this
research extended the list of M. xanthus genes involved in multicellularity, and
expanded our knowledge regarding the possible molecular pathways underlying
physiological and morphological changes.
Although the cellular function of some of the genes in the genome of an organism
can be deduced from effects of mutation on phenotype, the disruption or deletion of
most genes produces little or no discernible phenotypic impact. The reason for this may
be redundancy or complementation, or it may be due to the limitations inherent in
available assays. The second part of this dissertation will focus on a population genetics
approach to the characterization of phenotype for a collection of mutant strains
containing insertion mutations in each of the ~200 ABC transporter component genes in
M. xanthus. More than 50% of those mutant strains exhibit at least one phenotypic
characteristic that is different from the wild type, and an average of 6% of mutant strains
have a gain-of-function phenotype. We also demonstrated that the morphological
features used to measure phenotype are not entirely independent variables. These
results indicate that a rigorous and quantitative phenotypic characterization will provide

significantly more data to understand the phenotypic space of M. xanthus, and that a
more rigorous definition of phenotype may help us establish a more accurate
connection between genotype and phenotype.
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Chapter 1 Introduction and Motivation

1

1.1 Introduction
One of the major goals in biology is to map the function of molecules such as DNA,
RNA and protein to their sequences, and to understand how even a slight change in
those sequences may alter the organism. In other words, what is the relationship
between genotype and phenotype. It requires significant time and effort to understand
the mechanism of any biological molecule all the way from its sequence to its interaction
network and its impact on organism morphology. At present, the only way to do this is
to establish each part of the linkage in stepwise fashion. This type of research has
made tremendous progress in recent years. Many databases have been established to
collect mutant phenotypes, and these represent an ongoing trend toward understand
the organism as a whole (system), rather than focusing on the function of single genes
(reduction), because each phenotype is the product of many pathways, and each
organism has their own unique way of coding those pathways. The function of
orthologous genes may vary across species, and a comparison may provide special
insight regarding how similar genes in different genomes shape the unique phenotype
of an organism. For example, although Bacillus subtilus and Myxococcus xanthus are
both spore formers, their regulatory cascades and morphogenesis reveal both
differences and similarities. The differences may be the key to understanding how B.
subtilus produces endospores while M. xanthus develops into myxospores.
In order to unravel the linkage between genotype and phenotype in an organism, it
is important to accurately describe defects in phenotype. In some cases, genetic
redundancy or buffering can compensate for the loss of a gene and produce no change
in phenotype. In other cases, a mutation of one gene may produce multiple changes in
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phenotype through a phenomenon known as phenotypic pleiotropy. The only way to
address both cases is to improve our understanding of the quantitative range of each
phenotypic trait, as well as the relationships that exist between different traits.
To gain insight into the linkage between genotype and phenotype and the
complexity of phenotypes, we use M. xanthus as a model organism due to its relatively
simple (i.e. prokaryotic) genome and robust multicellular phenotype. The cell-cell
coordination inside an M. xanthus swarm has been studied with respect to its genetic,
genomic, biochemical, evolutionary, biomaterial and biophysical properties. These
acquired data represent a small but significant subspace of the M. xanthus phenome
which will be introduced in Chapter 5. The additional data and analyses presented in
this dissertation not only deepened our understanding of M. xanthus swarm and
development, but also represented our step toward expanding the phenotypic space in
a quantitative manner.

1.2 Contributions
In this dissertation, I will present four projects that successfully identified new
genes with roles in M. xanthus multicellularity. Each of the four projects extends our
knowledge of the mechanism behind the complex process of M. xanthus selforganization. In the final project, I will introduce a quantitative study of phenotypes and
focus on rigorous statistical methods that furthered our description of phenotypes. The
contributions of these projects are listed below:


The identification of the first Hsp100/ClpC protein in M. xanthus. This heat
shock protein plays pleiotropic role in swarming and development. Its
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counterpart in B. subtilis is essential for sporulation. This is possible
evidence that those two spore formers have a similar sporulation origin.


The identification of sporulation related genes using expression profiling.
This method tested and supported the existing hypothesis that the gene
function is highly related to its expression level.



The quantitative description of fruiting body development. Using image
analysis tools, it was possible to recognize subtle changes among pictures
taken at different time points. This allowed us to understand the dynamics
of fruiting body formation over 5 days.



The statistical analysis of phenotypes in M. xanthus using population
genetics tools. It was the first effort to link genotypes to a phenotypic
profile within an entire protein family in M. xanthus. Using these methods,
phenotypic results from different mutants or different laboratories may be
compared and integrated.

To accomplish these goals, we adapted several experimental and statistical
methods to test different hypotheses. The results show that the chosen approaches of
studying relevant genes in multicellularity are complementary. Furthermore, the new
statistical methods add to the power of identifying defective mutants and guiding further
investigation.

1.3 Organization
This dissertation is composed of four projects, focusing on the study of the
relationship between genotype and multicellular phenotype, as well as the identification
of development-related genes in M. xanthus. The organization of this dissertation is as
4

follows. The second chapter is a review on the background of the genotype to
phenotype (G2P) problem and how M. xanthus represents a nearly ideal model for this
type of investigation. The gene products that were the focus of this study, the ATPase
superfamily, will also be introduced in Chapter 2. The third chapter covers the
experimental, statistic and bioinformatics methods we used in this study. In the fourth
chapter, I will describe the three different methods used in the G2P study in my
research. In the fifth chapter, I will discuss the G2P study of ABC transporter family in
M. xanthus, focusing on understanding phenotypic space. Finally, our conclusion will be
in Chapter 6, with future directions for these projects. Brief and more specific
introductions for each topic can be found at the beginning of every chapter starting from
Chapter 3. Each chapter also contains results, related discussions and a summary
when relevant.
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Chapter 2 Background and Significance

6

2.1 Introduction
One of the ultimate goals in biology today is to be able to predict phenotype
based on DNA sequence, so that we may design biological systems to exhibit desired
phenotypic traits, such as drug biosynthesis, biofuel production, or petrochemical
degradation. Achieving this goal requires an extensive understanding of the principles
that underlie gene composition and regulation, molecular function and interactions, and
both intra- and inter-cellular communication and networking. Furthermore, each of these
principles must be understood within the context of all the others before we can begin to
understand the relationship between an organism’s genotype and its phenotype. The
quantitative exploration of phenotype can be traced back to Gregor Johann Mendel’s
experiments on peas, which successfully connected measurable phenotypic traits with
inheritance. But the underlying molecular mechanism had not been brought to the
picture until modern genetics was established, predominantly by Thomas Hunt Morgan.
When compared to the definition of phenotype, the definition of genotype seems
very straightforward, the genetic content of a cell or an organism, but the implications of
this definition are more complicated than they may initially appear. Besides protein
coding sequences, a genome also includes pseudo genes, GC content, codon bias,
regulatory fragments, un-translated small RNAs, gene transfer mechanisms,
transposons and so on. Phenotype has an even broader interpretation because it is so
multidimensional; the different dimensions of phenotype can be continually expanded.
In prokaryotes, there are at least three aspects of phenotype that must be taken into
account when considering a cell’s response to environmental changes: (1) the
molecular aspect, including the activation or depression of transcripts, the production or
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degradation of proteins, or the synthesis of small molecules; (2) the cellular aspect,
including the morphology and physiology of single cells, including cell size, cell color,
cell growth and cell metabolism; (3) the population aspect, including intercellular
signaling, pattern self-organization, and differentiation within the population.
Before the unprecedented increase in capacity and decrease in cost of genome
sequencing, in order to identify genes that are important for a particular phenotype,
researchers would have to perform a large scale random mutagenesis, followed by
phenotypic selection or screen for mutant strains that exhibit defects related to that
phenotype. This approach, although highly effective, is something of a blunt instrument,
as only a subset of loci involved in a particular phenotype will produce a notable
mutation when disrupted or deleted in a wild-type background [1,2,3]. The genomic
mechanisms behind differences in phenotype are rarely as straightforward as in the
case of sickle cell anemia—where a single nucleotide mutation in the beta-globin allele
was identified [4]. In one case a change in phenotype might be caused by several
mutations in different genes, RNAs, and/or regulatory regions, whereas in another case
a single mutation in one locus could lead to changes in several phenotypes. In order to
understand the intrinsic relationship between genotype and phenotype, there have been
genome-wide studies to build interaction networks based on various kinds of
phenotypes, but how can a truly accurate and comprehensive map be constructed when
the network connectivity is not one-to-one or one-to-many, but rather many-to-many.
The complexity is overwhelming.
This chapter contains three sections. First we will go over the concept of the
phenome including its relationship to transcriptomics and proteomics, and the impact of
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the first wave of “next-gen” sequencing technologies. I will then summarize the existing
genotype-to-phenotype (G2P) studies, which focus on both laboratory model organisms,
and natural variants. Second, we will introduce M. xanthus and concentrate on our
understanding of its multicellularity, Third, we will list and describe what is known about
our proteins of interest.

2.2 Phenome:
In order to find out which genes work together under different conditions, there
have been functional studies based on transcriptional profiling (transcriptomics), protein
expression patterning (proteomics), metabolite synthesis networks (metabolomics), and
the construction of binding, co-expression, and co-inheritance clusters and networks
(interactomics). More recently, people have been returning to cellular phenotypes in a
more systematic way. The phenome represents not only the subtotal of various
phenotypes displayed by cells and organisms, but also the structure among those
phenotypes.

2.2.1 Expression profiling in phenotypic study: transcriptomics and
proteomics
Gene expression is considered a phenotype, and it incorporates both the
transcriptome and proteome. Those two terms, together with metabolome, emerged
with the advent of high-throughput sequencing methods. These ‘-omics’ studies are
usually used to track cellular responses across time series or to compare their status
under different conditions.
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Transcriptome is the summation of all the mRNAs of a cell or organism under
certain circumstances. Its interpretation based on the hypothesis that a gene is required
for some cellular function under a certain set of conditions if their transcription is
activated under that set of conditions. More traditional methods to study gene
expression include Northern blotting, quantitative PCR, and reporter gene infusion such
as beta-galactosidase. Microarrays were invented to study the transcription regulation of
many genes simultaneously [5,6]. More recently, next-generation sequencing
technology has been adapted to create a new transcriptomic analysis method called
RNA-seq [7,8,9]. Using this method, high resolution transcriptional profiling can be
achieved without the complication or inherent bias of dye binding. Also, RNA-seq can
be used to identify new transcriptional elements, such as small RNAs, alternative
transcription starting sites, alternative splicing, single nucleotide polymorphisms, and
operon organization.
Of course, the regulation of transcription is not the same thing as the regulation
of gene expression; genes are regulated at transcriptional, translational, posttranscriptional and post-translational levels. To incorporate these levels we study the
proteome, which represents the entire protein contents of cells or cell fractions. Protein
profiles are usually examined using the 2-D electrophoresis followed by different types
of mass spectrometry (MS) [5,10]. These methods can also quantitatively map proteins
back to genome, provided that the genome sequence is available. Compared with
transcriptome, which is upstream and more transient, the proteome is more closely
related to the physiology of a cell or cell group.
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With the improvement on experimental design, automation, quality control and
data analysis, transcriptomic and proteomic studies have been applied more frequently
toward the understanding of cell physiology [11,12], pathogenesis [13,14] and diseases
including cancer [15,16].
2.2.2 Phenotypic profiling: from single cell to mutlicellular organisms
Phenomics often requires large libraries of mutants. Therefore model organisms
that have already been widely and extensively studied have an advantage. Studies
involving unicellular organisms often use high-throughput phenotype microarrays, which
are based on a color change in specific growth medium, the opacity of a culture, or the
size of a colony. It is therefore logical that E. coli has been used widely in this type of
high-throughput phenotypic study, due to its easy cultivation and the availability of a
large mutant database [17,18,19,20]. Many of these studies test the growth of single
mutant strains under different growth conditions, with a special focus on antibiotic
treatments. After inoculating mutant strains in agar with various antibiotics, the colony
size or opacity is measured as the phenotypic parameters representing growth rate. By
testing hundreds of cultivation conditions and thousands of mutants, genes are
clustered into possible pathways based on their phenotypic patterns in response to a
combination of antibiotic stress and the impact of their mutations.
Yeast is a well-studied unicellular eukaryotic model organism and a convenient
tool for phenomic studies. Yeast was used in many of the pioneering studies that aimed
to construct pairwise interaction networks [21]. The two most studied species are
budding yeast Saccharomyces cerevisiae and fission yeast Schizosaccharomyces
pombe. Yeast double mutation libraries have been used to study the phenotypes
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produced by epistatic interactions between two genes. Such phenotypes include
synthetic lethal [21], synthetic sickness [22], secretary pathways [23], phosphorylation
networks [24] and chromosomal regulation [25].
Phenotype profiling is not restricted to unicellular organisms and the simple
effects of growth factors. Multicellular behaviors have been studied in several species. A
quantitative analysis of time-lapse movies of around 2,000 Dictyostelium discoideum
mutant strains revealed phenotypes in cell growth and starvation-triggered fruiting body
development [26]. Upon starvation, D. discoideum cells coordinate to form waves,
aggregates, mounds, slugs and finally fruiting bodies. Based on phenotypic parameters
obtained from the mutants, the corresponding genes were clustered into functional
groups or pathways.
Databases have been established to store large collections of mutations and
phenomic information for several organisms. For example, in plants there are databases
for rice [27,28,29], maize [30,31] and other agricultural crops [32]. As one of the best
understood organisms, Arabidopsis has been subjected to phenotype profiling back to
1991. Using T-DNA insertion, 8000 Arabidopsis thaliana mutants were obtained and
screened using hundreds of different conditions [33]. Mutant strains were then grouped
into several categories based on their viability, physiology, and morphology. A
phenomic study in coding genes was performed with 4000 mutants [34]. The
phenotypes were categorized by different growing stages as well as structural parts
(flowers, seeds etc.).
Animals such as Drosophila melanogaster and Caenorhabditis elegans have
been subjected to high-throughput phenomic studies as well. A genome-wide RNAi
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mutagenesis and associated with phenomic study enabled the identification of
functionally related genes [35,36]. The integration of interactome, transcriptome and
phenome has revealed more possible functional pathways in C. elegans [37,38]. These
systematic approaches can be used to guide further molecular and biochemical studies.
Also, whole animal imaging has been performed in studying the small-sized vertebrate
zebrafish [39], with the aim of obtaining the phenotype profile for every single gene
mutant in the whole genome. Images from different developmental stages are to be
acquired, and resolution will be achieved at the single-cell level. A 3-dimensional model
will also be constructed if possible. Analysis of these data may provide insights to
embryogenesis, development and cause of disease. Phenomic data from different
organisms may also help us to distinguish general molecular mechanisms from more
organism-specific pathways.

2.3 Genotype-to-phenotype (G2P): the trillion pieces puzzle
The study of the relationship between genotype and phenotype relies on the
assumption that a change of genomic information leads to a change of phenotype. The
use of term “genotype to phenotype” can be traced back to 1972, when a group of
scientists generated a hybrid embryo using blastomeres from both male (XY) and
female (XX) mice. They identified XY cell protein markers in XX cells that were present
in seminal vesicles [40]. The exact term “genotype to phenotype” was used in a
manuscript in 1993, which described a study that tried to establish a linkage between
gene mutations and an inheritable disease called hyperkalemic periodic paralysis [41].
As more and more genome sequences became available, there has been an increasing
number of systems studies on association between gene sequences and traits, and
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“genotype to phenotype” has been shortened to ”the G2P problem” or simply G2P [42].
Understanding G2P is not restricted to the molecular function of a gene product, but
aims to uncover how gene sequences shape the phenotypes of a cell/organism. The
ultimate goal is to predict phenotype from genotype, or to forward engineer a specific
phenotype from a de novo genotype. G2P has been applied to the discovery diseaseassociated genes [43,44] for the purpose of diagnosis.
In order to build the connection, we need a collection of different genotypes and
a set of measurable phenotypes, and this can be accomplished using one of two
approaches. The first approach is to collect natural phenotypic variants, compare their
genotypes, and then identify loci that produce the phenotypic variations. This type of
study using the flower morning glory found that an insertion in the third exon of the
flavonoid 3′-hydroxylase (f3′h) gene generates a pink color instead of purple [45]. A
recent study of domestic dogs successfully linked seven coat variants to three genes
[46]. Of course, the largest and most significant phenomics project will be the human
phenome project, which aims to find how genotype makes each human different [47].
The alternative method of collecting genotypes is to mutate a so called “wild-type”
organism under laboratory conditions and construct a library of mutant. These model
“wild-type” organisms, however different they are from their natural isolates, are
relatively stable and amenable to phenotypic screening. Generating the phenotype
profiles is more time-consuming and complicated using the second method. The first
method requires the majority of work to be genotyping because the strain collection is
based on phenotype, whereas in the second method the reverse is true. As previously
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discussed, phenotyping can be performed on several different levels, from the
molecular to the single cell, multi-cell, organ and even the whole animal levels.
Phenotypic screening of mutant libraries has been applied to many organisms,
and has been successful in identifying genes that are essential for certain biological
processes. However, mutants that display distinct phenotypes are usually only a small
subset of the tested pool. In a gene deletion library covering 96% of the ORFs in S.
cerevisiae, only about 15% of the viable mutants displayed slow growth in rich medium
[48]. In a genome-wide RNA interference (RNAi) screening of D. melanogaster, only
438 out of 19,470 dsRNAs were found to significantly reduce cell growth and viability
with a z-score > 3 [36]. Even with pre-selection, the percentage doesn’t rise. Among 433
single deletion mutants of genes whose expression increases upon limited zinc
condition, only 15 of them displayed defected optimal growth. Similar percentages have
been observed in other multicellular phenotypes. In an RNAi study in C. elegans, only
10% of interfered genes were identified as phenotypically defective in development,
growth and/or morphology [49]. Due to a lack of mutant phenotype, the cellular function
for a majority of genes remains obscure and therefore can only be predicted from
sequence homology – and this assumes that some phenotype has been identified in an
ortholog. There are multiple ways to improve our understanding of gene function:
expanding a series of test conditions [50], developing more types of phenotypic assays,
increasing the sensitivity of phenotypic detection, or extracting more information from
the existing phenotypic assays.
There are many studies that attempt to create a more detailed quantification of
phenotypes. For microbes, most focus on growth rate, but multicellular behavior has
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been studied in a few species. In Pseudomonas aeruginosa, grey scale confocal
microscopy has been used to characterize biofilm density in a high-throughput assay
[51]. A quantitative analysis of time-lapse movies for approximately 2,000 D. discoideum
mutant strains revealed phenotypes in cell growth and starvation-triggered fruiting body
development [26].

2.4 M. xanthus: multicellular life style
M. xanthus is a soil bacteria, and its multicellularity is proposed to act as a
survival strategy. M. xanthus cells always live as part of a biofilm called a swarm that
proliferates as it expands and hunts for nutrients. A swarm undergoes a developmental
process of self-organization to form higher level structures called fruiting bodies when
exposed to environmental starvation stress. M. xanthus is one of the simplest model
organisms studied for its ability to self-organize, and the biological and physical
mechanisms behind its self-organization are being actively investigated. It is important
to note that the cells in an M. xanthus swarm are not necessarily identical with respect
to their expression profiles. Each genetically identical M. xanthus cell is exposed to
different levels of nutrients and oxygen because they are in different locations within the
swarm. In this case, at each time point, the transcriptional and translational contents
might be different among cells. In this way, a swarm could be considered a loosely
connected multicellular organism.

2.4.1 M. xanthus developmental timing and signal transduction
On a solid surface, M. xanthus can switch between vegetative growth and
development under different nutrient conditions. On nutrient-rich agar, M. xanthus grows
and glides as a swarm. On non-nutritive (starvation) agar, a swarm does not grow, and
16

instead executes a stepwise developmental process that culminates in the formation of
multicellular dome-shaped aggregates called fruiting bodies. When development is
completed, the swarm’s millions of cells are parsed into fruiting bodies of ~1 X 105 cells,
a subset of which have differentiated to become metabolically quiescent and
environmentally resistant myxospores located in the center. When nutrients reappear,
spores can germinate and an active swarm is reformed. Development can be initiated
by the absence of carbon, energy, phosphorus and amino acids [52,53]. The whole
development process requires control of cell movement, division, and differentiation, as
well as coordination and communication between cells and with the environment.
The developmental program of M. xanthus can be described as a series of
morphological changes over 48 hours. Static cell aggregates appear approximately 6
hours after the onset of starvation; these aggregates stabilize, expand, and begin to
‘mound-up’ sometime between 6 and 12 h [54]. This process of maturation continues
until approximately 24 hours, at which point the aggregates have transformed into
stable hemispherical mounds approximately 0.1 mm in diameter [55]. During the second
24 hours, a subset of cells in each aggregate transforms into quiescent myxospores, at
which point the aggregates have matured into fruiting bodies [56].
Bacteria use various intercellular signaling pathways to coordinate the
physiological activity of each cell in the same colony. Quorum sensing (QS) is among
one of the well-known mechanisms to regulate gene transcription upon cell density [57].
For M. xanthus development, it is a more complicated case. Development by starvation
can be traced back to an emergent response to (p)ppGpp. When amino acids are
depleted, uncharged tRNAs are detected by ribosome, leading to the accumulation of

17

(p)ppGpp [52,58,59]. When the amount of (p)ppGpp reaches a certain level, a series of
cell signals, A-, B-, C-, D-, and E-signal, are synthesized. Lacking of any one of the five
signals can lead to a failure of development. A- and B-signals act at 1- 2 h of
development [60,61,62,63]; D- and E-signals start to peak at 3-5 h after development
initiation [64,65,66]; C-signal functions at 6-7 h [63]. Among the five signals, A- and Csignals are the most intensively studied.
A-signal is mostly composed of six amino acids (Trp, Pro, Phe, Tyr, Leu, and Ile)
and peptides. It is synthesized upon stringent response, and it is cell density dependent
[67,68,69]. When extracellular A-signal reaches a certain threshold, this change is
detected by SasS, a transmembrane histidine protein kinase in the inner membrane
[70]. SasS then activates its cytoplasmic response regulator SasR, a σ54 dependent
activator, which triggers downstream intercellular transcription [70,71].
Unlike A-signal, C-signal is anchored in the outer cell membrane and requires
direct cell contact. C-signal is mapped to locus csgA which codes for a 25 kDa protein
homologous to a short-chain alcohol dehydrogenase (p25) [72,73]. However, the active
C-signal purified from membrane fraction is17 kDa (p17), with the N-term enzyme
binding domain cleaved [73,74]. The uncleaved p25 form can be found in vegetatively
growing cells, and it remains inert until the initiation of C-signal transduction [66]. When
cells undergo starvation, a cytoplasmic protease called PopC (MXAN_0206) is released
outside the cell and converts p25 into p17 [75]. When either csgA or popC is
interrupted, cells stop development at an early stage [62,75,76]. Although the receptor
of p17 hasn’t been identified, it is proved that by aligning cells in a head-to-tail fashion,
C-signal from a donor cell can activate the act operon pathways in a recipient cell. The
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act operon contains four genes, actA, B, C and D, which regulate the production and
timing of csgA expression [77,78]. Also, upon receiving C-signal, FruA protein goes
through posttranslational phosphorylation. Although fruA expression is induced by the
A-signal and E-signal related gene esg, it is active in phosphorylated form and regulates
both fruiting body formation and sporulation [79,80]. To summarize, the released
intercellular signals are recognized by recipient cells and activate branches of
intercellular pathways.

2.4.2 Genomic code behind M. xanthus development
The M. xanthus DK1622 genome sequencing was completed and published in
2006 [81] (GenBank accession no. CP000113). The whole genome is a single circular
chromosome of 9.14 Mb, with approximately 7,400 open reading frames (ORFs).
Among them, 359 ORFs are involved in substrate transportation and binding, while
2973 ORFs are annotated as hypothetical proteins. So far, 95 genes have been
identified to be specifically functioning in development but not vegetative growth [82].
To date, of the 45 delta-proteobacteria genome sequences in NCBI, there are
only five species that possess a genome larger than 9 Mb (the other four are listed in
Table 2.1). All of the five bacteria, including M. xanthus, undergo fruiting body
development [82]. Before the M. fulvus HW-1 sequence was published in September,
2011 [83], the Søgaard-Andersen laboratory compared the genomes from other four
myxococcales and concluded that there is little genetic conservation between M.
xanthus, S. aurantiaca, and the other bacteria, which indicates the fruiting body
formation mechanisms is not highly conserved [82]. Interestingly, S. aurantiaca is also
closer to M. xanthus in taxonomy. A closer phylogenetic neighbor has recently been
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sequenced, M. fulvus, a marine bacterium which is adapted to various levels of salinity.
Under low salt or starvation, it displays a similar development program as M. xanthus.
Genome comparison shows that 75.17% of its 7,285 protein coding sequences are
identical to M. xanthus [83]. As more myxobacteria genomes are sequenced, the larger
sample pool will provide stronger evidence to elucidate the possible combination of
molecular pathways leading to fruiting body development.

Table 2.1 Delta-proteobacteria with genome >9Mb
Bacteria
Haliangium ochraceum
DSM 14365
Sorangium cellulosum
'So ce 56'
Stigmatella aurantiaca
DW4/3-1
Myxococcus fulvus HW1
* estimated.

Size of
genome
(Mb)

GenBank accession
No.

References

9.4*

CP001804.1

[84]

26.03*

AM746676.1

[85]

10*

CP002271

[82]

9

CP002830.1

[83]

2.4.3 M. xanthus as a model organism to study multicellularity
Multicellularity has been proposed as a general bacterial trait [86]. However, the
multicellularity of myxobacteria is more defined and structured than many other biofilm
forming species. Having no molecular device to swim in liquid, M. xanthus’s whole life
cycle depends on activity on a solid surface. M. xanthus requires cascades of
complicated signal transduction pathways as well as motility machinery to complete
meaningful physiological processes, such as swarming, predation, chemotaxis,
elasticotaxis and development. None of those processes are simply the sum of single
cell behaviors. Figure 2.1 shows examples of M. xanthus multicellular patterns as
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swarms, ripples and fruiting bodies. Swarming and development are the focus of our
analysis.
A

B

Figure 2.1 mutlicellular patterns of M. xanthus. (A) M. xanthus cells swarm on
nutrient plates with 0.4%agar. (B) Aggregation at 12 h of development. The black dots
represent aggregates of cells. The waves among aggregates are formed by cell rippling.

M. xanthus motility systems. M. xanthus cells glide using two distinct motility
systems: adventurous (A) motility and social (S) motility. A-motility is favored on hard
agar and is important for cell movement both as individuals and in groups. When
individual cells are separated by more than a few cell lengths on an agar surface, they
move along their long axis at an average speed of 1.5- 6 µm/min, and every 5-7 min
they reverse their gliding direction [87]. While a groups of cells glide together as a
swarm, their average reversal time becomes 8.8 ± 2.1 min and some individuals even
take as long as 20 min to reverse [88,89]. The reversal rate is regulated by the Frz
system [90]. For S-motility, there are at least three important molecular components:
type IV pili [91], fibrils [92] and lipopolysaccharide O-antigen [93]. The function of Oantigen remains unknown. Pili retraction has been widely accepted as the moving force
of cell gliding under S-motility. During cell reversal, both A-motility and S-motility
machinery, including pili, disassemble at the old leading pole and reassemble at the
new leading pole, thus the previous lagging pole becomes the new leading pole when
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the cell reverses. In Neisseria gonorrhoeae, laser tweezers have been used to
determine that the retraction force of pili per cell is ~80 pN [94]. A pilus can attach to an
inert surface as well as other cells, and thus they can participate in the coordinated
social movement of cells. Absence of functional pili leads to a decrease in the
expansion rate on soft agar, a delay in aggregation, and the production of elongated
fruiting bodies [95,96]. M. xanthus fibrils regulate pili retraction [97] and potentially
contain receptors for pili attachment [98]. Also, fibrils contain receptors for chemical
signals, such as dilauroyl PE [99], which mediates the chemotaxis receptor DifA under
starvation conditions [100]. Cells lacking fibrils are not able to accomplish full
expansion, aggregation or sporulation [101].
Cell alignment is crucial for higher cell organization. In M. xanthus, cell
contact, and especially cell alignment, has been found to be important for both
swarming and development. Aligned cell clusters have been observed at the edge of
swarms [102]. When few cells are aligned, M. xanthus colony stops expanding [88].
Both pili and cell reversals are proposed to facilitate cell alignment [88]. Alignment might
be important simply because it decreases random cell collisions and thereby helps to
coordinate the movement of groups.
During development it has been proposed that establishing head-to-toe cell
alignment is required for C-signal transduction [103]. Development requires both cell
motility and C-signal, but motility seems to promote cell alignment. When non-motile
csgA+ cells are forced to align to each other, development can be rescued [103].
When cells are properly aligned and reverse synchronously, a traveling wave
called rippling is observed [104,105]. C-signal also regulates this multicellular activity
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[77,104,106]. Rippling is observed at the early stage of development as well as in nondiffusible nutrient predation [107]. It’s proposed that during development, C-signal is
exchanged between cells upon end-to-end collision [105]. Berleman et al. found that
different M. xanthus strains have different wave patterns and proposed that rippling was
more like a response to nutrient resources [107], which indicates that there might be
alternative pathways to initiate and regulate rippling.
Cell alignment also facilitates lipoprotein transfer among cells. Two
outermembrane lipoproteins, Tgl (S-motility) and Cgl (A-motlity) can transfer from donor
cells (tgl+, cgl+) to recipient cells (tgl-, cgl-) respectively, and rescue their defective
phenotype [108,109]. This phenomenon is called stimulation. Wei et al. showed that
lipoprotein exchange only happens on hard agar, but not in liquid or soft agar [110].
Because a hard surface is favored by cell alignment, it was proposed that cell
alignment, as well as direct contact, is critical for lipoprotein exchange. Although the
exact function of lipoprotein exchange is unknown, it is hypothesized that they may act
in several ways [110]: 1) as extracellular signals to coordinate cell movement, 2) as a
marker for a species to recognize its kin, 3) as a resource shared among kin cells, 4) as
a functional player in motility. However, verification of those theories remains to be
done.
Fruiting body development is a dynamic process. Although development has
been one of the foci of M. xanthus research, it is still unclear exactly how cells ensure
aggregation, maturation, and sporulation. Several researchers have reported that cell
velocities are greatly reduced during aggregation, and that cells reorient parallel to each
other inside aggregates [111]. The early ‘traffic jam’ model for aggregation proposed
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that when cells stream from different directions and collide with each other, the
aggregation center forms, and the cells start to mound up [112,113,114]. Using
microcinematography, Curtis et al. found that in early development, aggregates are like
towers made of multiple cell tiers, and not all of the cell towers persist and successfully
develop into fruiting bodies [115]; this indicates that aggregation is necessary but not
sufficient for maturation. Before fruiting bodies mature, they have been observed to
merge, split or disappear [116]. Based on careful quantitative analysis of M. xanthus
microcinematography, Zhang et al. summarized several features of fruiting body
development before maturation and sporulation [117]: 1) the number of aggregates
peaks fast between 6-10 h; 2) only 1/3 – 1/2 of aggregates mature into fruiting bodies;
3) the average size of fruiting body increases between 10-15 h and after then eventually
decreases; 4) the distribution of fruiting body shifts from randomness to a more ordered
state during maturation. All of this indicates that M. xanthus cells may not commit to a
particular fate for some time after initiating development. Any change or disturbance
during this process could affect the final result. From the standpoint of cell physiology, if
we understand how different motility or other defective phenotypes lead to certain
patterns of fruiting body formation, it may help us to better understand the mechanisms
underlying aggregation dynamics. Also, by assessing the later status of fruiting bodies
such as shape, color and distribution, it may help us to group different mutants by their
defective phenotypes.
Sporulation by aggregation. M. xanthus cells can sporulate in two ways: they
can differentiate into fruiting body myxospores or they can transform into microcysts.
Both involve changes in cell shape from rods to spheres. Those two types of cell
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transformation are triggered by different environmental cues. Fruiting body sporulation
happens at the late stage of development, which is initiated by starvation on solid
surface [118,119,120]. Microcysts can be induced by chemicals such as glycerol in
nutrient rich broth which is under vigorous shaking [121]. Although both types of spores
are resistant to heat, they are different in protein content and ultrastructure [119].
Disruption of one locus( Ω7536) in the genome blocks cell shape change in both spores
[122], indicating that those two pathways may share some common steps. Also, Ω7536
expression starts to increase at approximately 16 hours into development; but it
becomes elevated almost immediately upon glycerol induction [122]. Both of the turning
points happen around the time when cells are proposed to change their shapes,
indicating that Ω7536 may be the intersection point of the two sporulation pathways.
Since the starvation-depend sporulation involves multicellular cell aggregation, it is the
focus of our research.
The exact relationship between development and myxospore differentiation
remains unclear. It has been found that the threshold of C-signal to trigger sporulation is
higher than that of aggregation [123,124]. In wild type strains, myxospores are produced
inside fruiting bodies. The cells that don’t enter fruiting bodies remain rod shape. The
differentiation of cells may depend on their location relative to fruiting bodies. Julien et
al. found that the dev operon is expressed only in cells inside fruiting bodies and
regulated by C-signal [125]. In some single locus mutants such as asg and csgA, both
fruiting bodies and myxospores are abolished [61,66,126]. However, there are some
mutants that can sporulate outside fruiting bodies, such as mglA [127]. And some
mutants like fruA can aggregate without forming spores [80]. These data indicate that
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myxospore formation shares certain pathways with fruiting body formation, but that it
can also operate using its own distinct regulatory pathway.

2.5 Proteins with ATPase function
Adenosine triphosphate (ATP) is an integral part of constructing both DNA and
RNA chains, but it is also the most commonly used energy source and phosphate
provider in cell metabolism and signal transduction. ATPases are proteins that can bind
and hydrolyze ATP to release ADP, free phosphate, and energy. There are multiple
types of ATPases. In this project, the proteins of interest belong to the P-loop ATPases.
P-loop is a glycine-rich, phosphate-binding motif [128]. The P-loop is also called Walker
A motif, with a consensus sequence of GXXXXGKT/S [128], where X stands for any of
the 20 amino acids. P-loop ATPases include many protein families like adenylate
kinases, ras proteins, elongation factors, myosin heavy chains etc., where the P-loop
may function differently in each one of the families [128]. We are going to introduce
Hsp100 proteins and ABC transporters, both of which are ubiquitous in bacteria and
higher organisms.

2.5.1 Clp/Hsp100 chaperones
The first Clp/Hsp100 protein was identified as ClpA in E. coli [129]. The word
‘Clp’ stands for ‘caseino lytic protease’ for its ability to digest caseine in vitro with its
protease partner ClpP [130,131]. Since then more Clp/Hsp100 proteins have been
uncovered, such as ClpB, C, X, Y and HslU. Based on a sequence analysis of likely
structure, there are two classes of Clp/Hsp100 proteins. The first contains two AAA
(ATPase associated with a variety of cellular activities) domains, or NBDs (nucleotide
binding domains), which are joined by a middle region with little sequence conservation
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called the linker. ClpA/B/C belongs to this class. The second class, such as ClpX/Y,
only contains one AAA region, which resembles more the second AAA region of the first
class [129]. So far, there is no other way to distinguish ClpA/B/C proteins except for the
length of linker between two NBDs. The linker region is shortest in ClpA (~54 residues),
longer in ClpC (~101-118 residues) and longest in ClpB (~172-207 residues) [129]. The
function of the linker is unknown. However, some mutant analysis shows that it may
relate to the communication between two NBDs [132].
By molecular function, Clp/Hsp100 family can also be divided into two categories
[132]. The first group has so far only been found to have the ability to unfold proteins.
This group always works with downstream molecular chaperones to reactivate proteins.
Such proteins include ClpB and the Hsp104 subfamily [132,133]. The second group is
more intensely studied as part of the protease machinery. ClpA/C/X and HslU all belong
to this category. While functioning, they oligomerize into a hexameric ring and assemble
with the peptidase ClpP heptamer. Substrate proteins are recognized and unfolded by
Clp/Hsp100 subunits, and then delivered to the ClpP ring to be degraded [132].
Although the final result turns out to be proteolysis, the ClpA/C/X subunits still work as
molecular chaperones.
2.5.1.1 Clp/Hsp100 proteins plays pleotropic function
At the molecular level, Clp/Hsp100 proteins are thought to be chaperones that
function as protein re-activators and/or degradation partners [134,135]. At the cellular
level, the function of Clp/Hsp100 proteins is complicated, as these proteins exhibit a
high degree of pleitropy [136]. For example, in Bacillus subtilis, the Clp/Hsp100 family
member ClpC was found to regulate gene competence [137]; whereas, in the pathogen
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Listeria monocytogenes, a ClpC paralog is involved in escaping from phagosomes
[138,139] and in host cell adhesion and invasion [140]. This pleitropy has been
observed not only between species, but also between Clp/Hsp100 homologs within the
same species; a second Clp/Hsp100 homolog in L. monocytogenes, ClpE, is involved in
both virulence and cell division [141]. From the accumulated data, it seems logical to
postulate that the proteins in the Clp/Hsp100 family function in a bacterial cell’s
important cellular processes as well as in its interactions with the environment.
2.5.1.2 Hsp proteins are important for M. xanthus multicellularity
Before this work, no Clp/Hsp100 protein has been studied in M. xanthus.
However, there are a few other Hsp proteins identified in previous studies. In M.
xanthus, there is a group of mutants defective in S-motility called dsp [101,142].
Mapping the dsp loci revealed that one of the alleles codes for a Hsp70 homolog DnaK
(also called sglK gene, MXAN_6671) [143]. Disruption of this gene leads to defects in Smotility, fruiting body formation and sporulation [144,145], but no defect in single cell
motility or response to various chemicals [144]. Expression of MXAN_6671 is not
induced by heat shock but by starvation [144,145]. The upstream gene of MXAN_6671
(MXAN_6672) codes for another molecular chaperone GrpE (Hsp24 family), but
deletion of this GrpE homolog does not affect S-motility or aggregation [145]. It is
postulated that MXAN_6671 and MXAN_6672 together regulate the production of fibrils
in the extracellular matrix.
Recently, two GroEL proteins in the Hsp60 family have been identified in M.
xanthus [146]. These two genes, groEL1 (MXAN_4895) and groEL2 (MXAN_4467) are
not essential for normal vegetative cell doubling in nutrient rich media, except that the
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deletion of groEL1 causes a minor elongation of average doubling time from 4.3 h to 4.6
h. These two homologs play different roles in multicellular behavior. Deletion of groEL1
causes defects in fruiting body development and sporulation, whereas cells with
deletion of groEL2 are affected in predation of E. coli cells and some macromolecules.
However, only a small fraction of Hsp proteins have been identified and
characterized in M. xanthus. Based on the National Center for Biotechnology
Information (NCBI) database, there are 10 DnaK, 2 DnaJ, 2 GrpE, and 13 Clp/Hsp100
homologs in M. xanthus genome (NC_008095). It will be interesting to find out how
many of them specifically function in M. xanthus multicellularity, and what they have in
common.

2.5.2 ATP-binding cassette (ABC) transporters
ABC transporters are ubiquitous in both prokaryotes and eukaryotes. In humans,
mutation in different ABC transporters can cause a variety of diseases such as cystic
fibrosis [147], Tangier disease [148] and Stargardt disease, as well as age-related
macular degeneration [149,150]. ABC transporters are also connected with cancer, as
the over-expression of an ABC transporter ABCB1 leads to anticancer drug resistance
[151,152], which makes cancer chemotherapy more difficult. In bacteria and fungi, ABC
transporters are also responsible for multidrug resistance [153,154,155], which causes
severe clinical treatment problems. This medical and clinical significance makes ABC
transporters one of the most intensively studied protein families.
The domain arrangement of ABC transporters is conserved. Prokaryotic ABC
transporters include importers and exporter, both of which always have four core
domains: two nucleotide binding domains (NBDs) and two transmembrane helix
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domains (TMDs). Usually, each subunit contains only one core domain: one ATPase
contains one NBD and one permease contains one TMD. Two ATPses subunits (A and
A’) or two permeases (B and B’) from one transporter (Figure 2.2) could be coded by
the same or different genes. For importers, in most cases there is a third subunit found
in the periplasm (or anchored to the outer membrane in Gram-positive bacteria) called
substrate binding protein (SBP). Two final points of interest: ABC transporter subunits
are often found to be fused together in different combinations, and no importers have
been found in eukaryotes.

b

a

Figure 2.2 Schematic illustrations of bacterial ABC transporter structures. A/A’:
ATPases; B/B’: transmembrane permeases; C: substrate binding protein (SBP). (a)
importer, (b) exporter. The small ovals in (a) and triangles in (b) represent substrates.

The NBDs are the most sequence-conserved domains in ABC transporters. They
belong to the P-loop ATPase superfamily. NBDs in ABC systems all have a signature
motif ‘LSGGQ’ called a C-loop, that is located between the Walker A (P-loop) and
Walker B motifs [156]. The C-loop is thought to make contact with ATP when it is bound
[156]. In a functional ABC transporter, the two ATPases are arranged in a ‘head-to-tail’
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manner, so that their interface is where the two ATP molecules bind [156]. Unlike NBDs,
the TMDs share the least conserved sequence homology. Their number and topology
are different in prokaryotic ABC transporters. Importers typically contain 10-20
transmembrane helices, while exporters contain 12 [156]. The TMD interacts with the
NBD through an alpha-helix called a ‘coupling helix’, which also shares little sequence
homology [156]. Phylogenetic study indicates that the NBDs may evolve from one
ancestor while TMDs from exporters have three (importers unknown) [157].
The classification of ABC transporters is complicated due to their diversity in both
sequence and function. In eukaryotes, there are seven families, from ABCA to ABCG
[157]. In prokaryotes, Davidson et al. defined three classes of ABC systems based on
NBD sequences. Class 1 is ABC transporters with NBD and TMDs fused together; class
2 contains only ATPases with duplicate NBDs and no TMDs; class 3 is the biggest
group, with separate polypeptide chains for NBD and TMD [158]. Generally speaking,
most class 1 members are exporters while most class 3 members belong to importers.
Some of the members in class 2 are involved in DNA repair or chromosome protection
against antibiotics instead of functioning as transporters [157]. In 2006, a new type of
importers called energy-coupling factor (ECF) transporters was identified [159,160].
ECF transporters have two NBDs (component A), but only one moderately conserved
transmembrane helix protein (component T) and a special transmembrane substrate
capture protein (component S) [161]. ECF transporters play a role in the uptake of
cobalt, nickel ions, and a variety of vitamins [161]. Although the NBDs of the ECF
transporters and traditional ABC transporters share the same structural features, they
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may diverge very early in evolution [161]. The molecular mechanism of ECF
transporters may be very different from that of ABC transporters studied before.
It is still an open question as to how ABC transporters work, with more than one
active hypothesis regarding their mechanism of action. So far, several high resolution
structures of full-length prokaryotic ABC transporters have been reported. These will
surely help in illustrating that mechanism. These structures include the E. coli vitamin
B12 importer BtuCD [162], methionine importer MetNI [163] and the maltose importer
MalFGK2 [164], the molybdate/tungstate transporter ModBC from archaea
Archaeoglobus fulgidus [165] and Methanosarcina acetivorans [166], the putative metalchelate-type transporter HI1470/1 from Gram-negative Haemophilus influenzae [167]
and the multidrug transporter Sav1866 from Gram-positive Staphylococcus aureus
[168,169]. Among them, Sav1866 is the only exporter. Although these crystal structures
represent only one of the many stages that constitute ABC transporter function, they still
can help us to postulate how these different domains/subunits are coordinated during
the process. Based on the structure of (Sav1866)2 and ModB2C2A, Hollenstein et al.
proposed a new general working model in 2007 [156]. In this model, ATP-binding,
instead of substrate binding in some old models, becomes the driving force of a
conformational change. In a free stage, the transmembrane helices of TMDs are in an
inward-facing conformation. Upon ATP binding, the two NBDs dimerize and the two
coupling helices in TMDs become close to each other, which triggers the
transmembrane helices to adopt an outward-facing topology. In this status, ABC
importers accept the substrates bound by their partner SBPs, and ABC exporters move
the substrate outside the cell. The transmembrane helices are restored to their inward-
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facing status upon the releasing of ADP and free phosphate. This change causes
substrate release in importers, and new substrate recruiting in exporters. However,
since there are so many kinds of ABC transporters, and new types are continuously
discovered, there may be more than one way for ABC transporters to complete their
function. Based on the crystal structure under a pre-translocation intermediate state,
Oldham and Chen proposed that the binding of loaded maltose binding protein to the
TMDs induces partial conformation change of NBDs. This binding of ATPs promotes the
outward facing of the TMHs [170]. As more high-resolution structures and more
molecular and genetic experimental evidence are reported, the working mechanism of
ABC transporters will surely be revisited.
2.5.2.1 Biological function of ABC transporters in bacteria
ABC transporters are abundant in the bacterial genome. They function in nutrient
uptake, osmohomeostasis, signal transduction and membrane synthesis. Sometimes
these proteins contain extra functional domains that confer new functions on the
transporters. These functions are tightly connected to their substrates (allocrites), which
span a broad spectrum. The substrates for importers include free ion, ion siderophers,
sugars, lipids, vitamins, amino acids and small peptides, which are not only serving as
cellular nutrients but are also involved in other biological functions. For example, in
pathogens such as Mycobacterium tuberculosis [171] and Streptococcus pneumoniae
[172], iron uptake is related to virulence. In B. subtilis, the three Opu (Opu stands for
‘osmoprotectant uptake) systems, OpuA, OpuB and OpuC, play an essential role in
maintaining the osmohomeostasis [173]. Each of these systems transports their own
specific substrates with different kinetic constants [174,175].
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The substrate specificity is proposed to lie in the SBPs [176]. The binding
between substrate and SBP is mainly contributed by hydrogen bonds and stacking
interactions, which also confer selection [176]. It is suggested that the TMDs prefer to
binding to SBPs under a ligand-bound status. Because the hinges between the two
lobes in SBP tertiary structure are different from each other, it provides the selectivity for
substrates that go through the bi-layer membrane [176].
ABC exporters were initially identified as multidrug efflux pumps. Recent studies
show that besides functioning in multidrug resistance, they are actually more involved in
normal cellular activities such as signal secretion, protein translocation and outer
membrane biosynthesis [177]. ABC transporters can export substrates ranging from
small molecules to peptides and even macro protein molecules up to 900 kDa.
Peptides secreted by ABC transporters usually contain a double glycine cleavage
site in their precursors [178,179]. The leading sequence is removed by peptidase and
then the mature signal peptide is exported outside the cell [180]. The exported peptides
are commonly used as signal molecules. In Gram-positive bacteria, those peptides
serve in a mechanism called QS and are referred to as autoinducers (AIs). Many
bacteria use QS to regulate gene transcription through a cell-density-dependent
mechanism. In many Gram-positive bacteria, AIs are constantly produced at a low level
and secreted by ABC transporters [180]. When the concentration of AIs reaches a
certain threshold, the cells can sense it and react accordingly. QS can be the
mechanism that bacteria use to mediate cell density or to adapt to environmental
changes. During this process, the bacterial population is engaging is a rudimentary form
of multicellular behavior.
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ABC transporters are also important for outer membrane biogenesis in Gramnegative bacteria. The outer membrane is embedded with proteins that are important for
cellular structure, signal transduction, cell motility, biofilm formation and transportation.
In Pseudomonas fluorescens, an ABC transporter complex LapBC is found to be
important for biofilm formation by secreting a cell-surface protein [177]. ABC
transporters work with membrane fusion proteins (MFPs) in the type 1 protein secretion
pathway [181]. ABC transporters span across the inner membrane, while MFPs are
located across the periplasm and outer membrane. The first and best studied model is
the secretion pathway of α-haemolycin (HlyA) in E. coli, which contains ABC transporter
HlyB, MFP HlyD and outermembrane protein TolD [181]. Sequence analysis of the
secreted protein shows that the secretion signal located in the C-term is not highly
conserved [181]. However, some tandem repeat motifs have been identified, such as
RTX (repeat in toxin) for most of substrate proteins [181] and a PlyA-type heptapeptide
repeat found in Rhizobium leguminosarum [182]. There is emerging evidence that
during secretion, the substrate protein is unfolded. The RTX repeats could fold upon
Ca2+, but the Ca2+ concentration is very low inside cells [183]. Thus the protein would
fold very slowly in the cytoplasm. In the Gram-negative pathogen Serratia marcescens,
the secreted HasA protein doesn’t have RTX repeats, but it requires the chaperone
SecB [184], which may stop HasA from fast folding before transportation. Other than
protein secreted from cytoplasm, ABC transporters can also process lipoproteins on the
outer membrane. Lipoproteins are an important component of the outer membrane.
They serve as virulence factors or signal molecules in many bacteria. In E. coli, after
being synthesized in the cytoplasm, lipoproteins with signal peptides are transported to

35

the inner membrane through a sec-dependent pathway. Following a series of
processes, mature outer membrane precursors are solubilized and delivered to the
outer membrane by the ABC transporter LolCDE [185].
How do exporters maintain substrate specificity without SBPs? Research has
shown that there might be loose specificity in multidrug ABC exporters [186], although
the mechanism of this specificity remains unknown. Mutagenesis studies show that
there are some residues in TMDs that affect transport, but deletion of these domains do
not abolish the function completely [186]. A substitute mutation in MdfA of E. coli at
Glu26 to a Lys results in the loss of the ability to transport positively charged drugs, but
not uncharged chloramphenicol [187]. This evidence implies that some ABC
transporters may only allow the passage of molecules with certain properties and that
they may mediate this selection through specific residues. Holland et al. proposed that
the coupling helices, called the structurally diverse region (SDR) in NBD, confers the
substrate specificity through intra-molecular signaling [181].
2.5.2.2 ABC transporters in M. xanthus
In M. xanthus, several ABC transporters have been identified and/or
characterized for the study of motility, fruiting body development and sporulation. Those
ORFs are listed in Table 2.2. In 1996, the first ABC transporter system was identified
[188]. The putative O-antigen transporter, rfbAB, which later was named as wzm and
wzt [93], was first identified in a locus sasA, whose mutation causes defective fruiting
body formation and sporulation. Interestingly, sasA mutation also restores the
expression of the 4521 gene when A-signal is absent [188]. In 1998, the ABC
transporter AbcA was found to bind to the first domain of FrzZ during a yeast-two-hybrid
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screening [189]. The Frz system has been found to be important in M. xanthus cell
swarming and development. Mutation of the abcA gene results in a frizzy aggregation
phenotype, indicating that FrzZ and AbcA may be part of the same signal transduction
pathway [189]. The AbcA protein is homologous to an ABC type multi-drug exporter that
contains both an ATPase domain and a permease domain. Whole cell rescue
experiments indicate that AbcA may be involved in exporting certain outer membrane
components. In the same year, another important ABC transporter in M. xanthus was
identified and characterized. This exporter, named PilH and PilI, are the secretion
system for type IV pili [190]. Biochemical assays showed that the deletion of pilH or pilI
leads to significant decrease of extracellular pili but does not reduce the production of
the pili monomer PilA inside the cells. The null mutant lacks S-motility, aggregating late
upon starvation and forming irregularly shaped and more translucent fruiting bodies.
However, sporulation efficiency actually elevated. All of these phenotypes are
consistent with that of the pilA null mutant. This study also provides evidence that pili
are crucial for S-motility. In 2001, the Mac-1 protein was identified as an ATPase with
duplicated NBDs [191]. Mutation of mac-1 increases the sensitivity of cells to
oleandomycin but not to spiramycin or tylosi. Under starvation, mutant cells can form
mounds, but the mutation abolishes fruiting body formation and sprulation. The Mac-1
protein may serve as one component of an ABC transporter, or it could function as a
type II ABC protein which functions in other celluar pathways.
Other than the proteins described above, there are two ABC transporter systems
that have been studied, but the primary focuses have not been on their molecular
function or cell physiology. In a massive transposon screening for A-motility, agmJ
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(MXAN_6259), was identified to be associated with A-motility [1]. However, Blastp,
Balstn and pfam did not find any features of an ABC transporter in the sequence.
TMHMM2.0 did not identify any transmembrane helix. Thus we didn’t include
MXAN_6259 in our list of ABC transporters. Phosphorylation is important in cell signal
transduction pathways. In M. xanthus, the phosphate importer system homolog
pstSCAB operon is located downstream of the putative response regulator phoP4
(phosphate regulator protein 4) [192]. The transcription of pstSCAB is also downregulated by phoP4 deletion between 48-60 h after starvation initiation.

Table 2.2 ABC transporters identified in M. xanthus prior to this study
Genes

Locus_tag

Function

Mutant Developmental
Phenotype

Reference

abcA

MXAN_1286

multi-drug
exporter

frizzy aggregation

[189]

mac1

MXAN_0559

exporting
macrolide
antibiotics

fruiting body (–)
sporulation (–)

[191]

pilH, pilI

MXAN_5781,
MXAN_5780

pilin secretion

increased sporulation,
delayed /irregular fruiting
body

[190]

pstSCAB

MXAN_4788,
MXAN_4789,
MXAN_4790,
MXAN_4791

high affinity
phosphate
transporter

NA

[192]

rfbA, rfbB
(wzm, wzt )

MXAN_4623,
MXAN_4622

O-antigen
transportation

delayed aggregation,
reduced sporulation

[188], [93]

In a review from 2009, Konovalova et al. linked M. xanthus extracellular biology
to secretion systems such as ABC transporters. They estimated that there are 60 ABC
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transporters in M. xanthus genome, with 4 of them coding for type I secretion systems
[193]. Using sequence analysis and phenotypic evidence, a systems study of ABC
transporters in M. xanthus would provide a more accurate number than this rough
estimate, and would also help us to understand better how changes in cellular
physiology caused by the ABC transporters affect multicellular activity.

2.6 Summary
One of the major challenges in biology is to predict how an organism’s genomic
information shapes its appearance and physiology. This prediction becomes more
complicated when it comes to the phenotype displayed by a group of cells, which could
result from either single cell fitness, cell-cell signaling, or both. M. xanthus has a special
multicellular life cycle which consists of colonial expansion and group development.
Such a life cycle, together with its relatively simple (i.e. prokaryotic) genome, makes it a
preferred model to study the linkage between genotype and multicellularity.
In the study for this dissertation, I was seeking a way to expand our
understanding of the ABC transporters through a combination of experimental biology,
bioinformatics, and statistics. I generated nearly 200 mutant strains and carefully
quantified their phenotypes. I showed that some phenotypes are statistically connected
with each other; and that a fraction of mutants outperform wild-type. This study
represents an attempt toward extracting more detailed information from continuously
distributed data found through biological studies and an in-depth exploration of subphenomic space in a model organism, both of which are important for building genetic
interaction networks in the G2P study.
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The study of genotypes enters a whole new era as genome sequencing
techniques continue to become faster and cheaper. As the sequences of hundreds or
thousands of organisms are revealed, it becomes a challenge to effectively use all of
these data.
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3.1 Introduction
In this chapter, we will describe the methods used in these studies to identify and
characterize M. xanthus strains, and analyze quantitative phenotypic data. A number of
phenotypic assays have previously been established to characterize motility,
development and the composition and integrity of the extracellular matrix of an M.
xanthus swarm. We have developed two additional protocols that measure different
aspects of swarm phenotype. The first involves tracking and recording the dynamics of
multicellularity for single cells or groups using time-lapse microcinematography [1]. The
second is to generate mutants in a semi high-throughput manner [2] using targeted
plasmid insertion [3]. Both of these methods, together with more standard protocols,
were used in the work for this dissertation.
In the latter part of this chapter, I will focus on computational methods for data
processing, including identification of coding ORFs for ABC transporter subunits,
quantitative description of phenotypes and statistical methods for data analysis. There
are dozens of tools for sequence analysis. I chose the tools described here based on
their accuracy, availability, and ease of use.
When dealing with phenotypic assays for a large number of mutants, it is
important to make sure that every protocol is performed without variation, and with all
appropriate valid controls and repeats. This provides solid basis for data analysis. Still,
variations cannot be all avoided due to the nature of wet-lab experiments, which may
arise from changes in the environment or the inaccuracy of instruments, or simply user
error. There are also challenges to data analysis, such as loss of information during
data processing, definition of defective phenotypes, or level of severity. In Chapter 5 of
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this dissertation, I will describe a rigorous statistical test, aiming to address some of
these problems. The goal of using those methods is to reduce the complexity of data as
well as to keep as much useful information as possible.

3.2 General protocols: cellular, molecular and biochemical assays
*All the medium, buffer, plasticware and glassware were sterilized before use.

3.2.1 Cultivation and development
Vegetative growth. M. xanthus strains were grown at 32º C in CTTYE broth [1.0%
Casitone, 0.5% yeast extract, 10 mM Tris-HCl (pH 8.0), 1 mM KH2PO4, and 8 mM
MgSO4] or on plates containing CTTYE broth and 1.5% agar. CTTYE broth and plates
were supplemented with 40 g/ml kanamycin sulfate as needed.
Cell development. Cells were developed either on TPM agar [10 mM Tris-HCl
(pH 8.0), 1 mM KH2PO4, 8 mM MgSO4, and 1.5% agar] or submerged in MC7 buffer (10
mM morpholinepropanesulfonic acid, 1 mM CaC12, pH 7.0) and developed at 32°C for
five days.
Glycerol spore generation. M. xanthus cells were grown at 32°C to 5 x 108
cells/ml and then added with glycerol to the final concentration of 0.5 M. Cell cultures
were continuously shaken at 32°C over eight hours and harvested for further analysis.

3.2.2 M. xanthus mutagenesis
Semi high-throughput mutagenesis. The flow chart of the semi high-throughput
method is shown in Figure 3.1. Primers for amplifying internal fragments of M. xanthus
ORFs were selected using a customer-designed perl program (Garret Suen, personal
communication) based on primer3 (http://sourceforge.net/projects/primer3/). Primers in
96-well plates were ordered from Invitrogen. An internal fragment of 400-600 bp was
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amplified using polymerase chain reaction (PCR) and ligated into a linear plasmid
pCR®2.1-TOPO (Invitrogen). After ligation, the plasmid can circularize with the PCR
product and be amplified in TOP10 Escherichia coli cells. The plasmid was then isolated
from E. coli and electroporated into M. xanthus cells (650 V, 25 µF, 400 Ω). The
transformed plasmid was incorporated into M. xathus chromosome by homologous
recombination [4], thus conferred kanamycin resistance on the cells (Figure 3.2). The
success rate between step 1 and step 5 reaches about 65%.
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Figure 3.1 Flow chart of insertion mutant construction used in this research.
Asterisk (*) indicates that the step can be executed in 96 well plate. Y: yes, N: no.

In order to confirm that the plasmid was successfully inserted into the desired
location in the mutant, we used the polymerase chain reaction (PCR) to amplify across
the upstream of the target gene loci and TOPO vector, generating an amplicon with a
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size around 1.2 kb. A forward primer located within the upstream 500 bp of target ORF
and a reverse primer located in the TOPO vector were designed for this purpose (Figure
3.2). Wild-type DK1622 was used as negative control where the 1.2 kb PCR product
cannot be amplified due to lack of integrated TOPO vector in wild-type chromosome.
Since the PCR fragment has blunt ends (Figure 3.2), the direction of ligation cannot be
controlled. Therefore two reverse primers, each with opposite direction and both unique
to pCR®2.1-TOPO, were used to examine the insertion separately (Table 3.1). Figure
3.3 shows an example of the experiment setting and results. For each mutant, four PCR
reactions were used to confirm the insertion, including two sets of sample and control
reactions. All four PCR reactions used the same upstream primer, with each set using
the two possible downstream primers. The control reactions used wild-type DK1622
chromosome as template and the sample reactions used mutant chromosome as
template. One and only one band around 1.2 kb should be observed in one of the two
sample lanes and none should be observed in the two control lanes. The PCR reaction
conditions needed to be optimized for some mutant strains. The success rate for the
first round of semi high-throughput mutagenesis was approximately70%.
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Figure 3.2 Diagram of plasmid insertion into M. xanthus chromosome. a) and b)
indicate two possible orientations the insert ligated into TOPO vector. Grey shaded
frame: the internal fragment of PCR targeted ORF with light grey triangle indicating the
direction of the internal fragment; open frame: the two ends of the target ORF; thick
black line: pCR®2.1-TOPO plasmid that carries the kanamycin resistance gene (Kanr);
thin black line: M. xanthus chromosome. Location of the two primers used to confirm
insertion is indicated as red arrow (forward plasmid on the upstream of target ORF) and
green/purple arrow (reverse primer on plasmid).
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Table 3.1 Primers on the plasmid used for insertion verification
Reverse primer

Sequence (5’-3’)

T7_TOPO2.1

GTA ATA CGA CTC ACT ATA GGG CG
CAG GAA ACA GCT ATG ACC ATG ATT
A

M13_TOPO2.1

Figure 3.3 Plasmid insertion verification using PCR. W: wild-type DK1622, M:
mutant, T: T7 primer in Table 3.1, M: M13 primer in Table 3.1. The bright band in the
fifth lane indicates that the fragment ligated into TOPO vector in the way of Figure 3.2a.

Chromosome extraction from M. xanthus cells. In order to obtain template
chromosomal DNA from M. xanthus mutant strains in a fast and simple way, the
following protocol was developed. About 109 cells were centrifuged from liquid culture
and washed with TPM once. The supernatant was removed. The cell pellet was then
resuspended in 100 µl sterile double distilled water, followed by a 15 min boiling -15 min
frozen - 15 min boiling cycle. After centrifugation at 13,000 rpm for 10 min, the
chromosomal DNA was harvested from the supernatant. The quality and quantity of
DNA were good enough for the previously described PCR reactions to verify plasmid
insertion.
In-frame deletion of MXAN_4832. DK1622∆4832 (hereafter referred to as
“∆4832”) is a derivative of wild-type strain DK1622 that carries a 2,343-bp in-frame
deletion of the MXAN_4832 gene. To create the deletion, a 4,602-bp fragment
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containing the MXAN_4832 gene and flanking DNA was generated by PCR using
primers 4832_IFfw (5’-GAAGGGCATCTTGTCCAGCAGG-3’) and 4832_IFrv (5’CTTCGATGGTCGTCACCGAGTG-3’). This 4,602-bp fragment was ligated with the
pCR2.1-TOPO plasmid (Invitrogen), yielding plasmid pJY1 (Table 1). Plasmid pJY1 was
then digested by EcoRI to produce a 4,620-bp fragment containing MXAN_4832 and
flanking DNA. This new fragment was ligated with EcoRI-digested pBJ114, a plasmid
carrying the genes conferring kanamycin resistance (kanr) and galactose sensitivity
(galK), which is used for counter selection [5]. This ligation generated plasmid pJY2. An
inverse PCR reaction was then performed on plasmid pJY2 using primers
4832_pBJ114_up (5’-TGACATCGATCATCTCGGGCGACATCCATGAGAACAG-3’) and
4832_pBJ114_dn (5’-GCCTATCGATTCCTCGTCTCCGAAGTCACTGAAGAAC-3’)
which contain a ClaI digestion site (shown in italics). The PCR product was digested by
ClaI, and the ClaI-digested DNA was treated with DNA ligase to generate plasmid pJY3.
Plasmid pJY3, which carries the 2,343-bp in-frame deletion of the MXAN_4832 gene
and flanking DNA, was then electroporated into M. xanthus cells to produce Kanr
transformants containing a single integration of pJY3 in the M. xanthus chromosome.
This single integration event yielded a tandem duplication with one intact copy of
MXAN_4832 and one copy of MXAN_4832 carrying an in-frame deletion. After counter
selection, GalrKans cells that had lost pJY3 and carried the in-frame deletion of
MXAN_4832 were confirmed by PCR using a pair of primers upstream and downstream
of the gene MXAN_4832 (5’-TTCTGGGCGTAGTCGAGGAC-3’ and 5’GGAAGAGATGGCTGCATCACG-3’). The mutant can generate a 722 bp fragment
while DK1622 fails to do so. In order to exclude the possibility of a mixed culture
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containing both 4832 and DK1622, another pair of primers (5’CGAGCTGGGACATTCCTATGTG-3’ and CTCGTCGATGAAGAGGACGATG-3’) were
designed to amplify part of the deleted region; a 535 bp fragment can be amplified in
DK1622 but not in ∆4832.

3.2.3 M. xanthus phenotypic assay
Motility assay. M. xanthus cells were inoculated in CTTYE broth, cultivated with
vigorous agitation and harvested at the density of 5x108 cells/ml. Four spots of 2 µl cells
at a concentration of 5x109 cells/ml were placed on CTTYE plates containing 0.4% or
1.5% agar. Plates were incubated at 33°C for three days and diameters of colonies
were measured.
Developmental assay. M. xanthus cells were cultivated and harvested when
reaching the exponential stage. Cells were washed once with TPM and resuspended to
the concentration of 5 x109 cells/ml. For aggregation assay, 5-10 spots of 20 µl cell
resuspension were spotted on TPM agar, let dry and incubated at 32°C. The
development of aggregates were observed and recorded at designated time intervals
using 40X brightfield microscopy (Nikon) and SPOT imaging software. For sporulation
assay, 20 µl cells were spotted on TPM agar and incubated at 32°C for five days to
allow for full development. Three sets of five spots were harvested and suspended in
500 µl TPM buffer. The cells were then exposed to mild sonication (10% altitude, 10 s x
3 with 30 s intervals, MISONIX, S-4000) that does not kill wild-type spores, followed by
heat treatment at 50°C for two hours. Cells were then diluted to desired concentration
and plated with CTTSA [1.0% Casitone, 10 mM Tris-HCl (pH 8.0), 1 mM KH2PO4, and 8
mM MgSO4, 0.7% agar] onto CTTYE agar plates (supplemented with 40 g/ml
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kanamycin sulfate for insertion mutants). After five days of incubation at 32°C, viable
spores can germinate and grow into visible colonies and the number of colonies was
recorded and converted to the unit of cells/ml.
M. xanthus swarm microcinematography. Phase-contrast time-lapse
microcinematography was used to record the movement of cells in M. xanthus swarm.
The ~1 mm thick agar disks were formed in the wells of silicone gaskets on microscope
slides. Cells were harvested at 5x108 cells/ml, washed once in CTTYE, concentrated to
2.5 x 109 cells/ml, and then 2 µl cells were spotted onto each of the agar disks (1% agar
+ 0.1% CTTYE). The cell droplet was allowed to dry before the disk was covered to
prevent evaporation. The covered slide was then placed on a 32°C heated microscope
stage, and the swarm was monitored using phase-contrast microscopy at 100x
magnification. Images were recorded every minute over 24 hours (Diagnosic
Instruments) and stacked sequentially using Quicktime (Apple).
Agglutination assay. We used agglutination assay adapted from Wu et al. [6] and
Arnold & Shimkets [7]. Cultures in exponential growth were harvested and the
absorbance at 600nm was measured using Bio-mini spectrophotometer (Shimadzu) at
the beginning as well as in each time interval. The initial absorbance was normalized to
100% and each value was compared to the initial turbidity.
Calcofluor binding assay. The assay was adapted from Yang et al. [8]. M.
xanthus cells were harvested at 5 x 108 cells/ml and resuspended to a concentration of 5
x 107 cells/ml in CTTYE broth. A 10 µl cell suspension was spotted on CTTYE with 1.5%
agar and 50 µg/ml calcofluor white. After the plate had been incubated for 7 days at
32°C, picture was taken under long wavelength ultra violet (UV) light.
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3.2.4 Biochemical tools
Recombinant protein expression and purification. The entire MXAN_4832 ORF
was amplified using high fidelity Taq polymerase (Invitrogen) and digested by NotI and
SalI. The digested PCR product was ligated with NotI and SalI double digested pGEX4T-3 (GE Healthcare Life Sciences) to generate plasmid pJY4. Plasmid pJY4, which
carries an MXAN_4832 fusion to GST, was transformed into BL21 StarTM(DE3) cells
(Invitrogen), and the cells were grown at 25C in LB supplemented with 2% Glucose
and ampicillin at 50 mg/ml . When the cell cultures reached an OD600 of 0.6-0.8,
isopropyl-b-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1µM
to induce protein expression, and the cell culture was shaken at 25C for 24 hr. The
MXAN_4832-GST fusion protein was purified using a GSTrap FF 5ml column as
described by the manufacturer (GE Healthcare Life Sciences). The Thrombin
CleancleaveTM Kit (Sigma) was used to cleave the GST tag and cleaved GST was
removed from the MXAN_4832 protein suspension using GSTrapp FF. MXAN_4832
was concentrated by centrifuging with Amicon Ultra-50 k (Millipore) centrifugal filter
devices. Throughout all phases of the purification process, the protein contents were
sampled and analyzed using SDS-PAGE.
Luciferease activity assay. Recombinant luciferase and luciferase assay reagents
were purchased from Promega, and active chaperones DnaK, DnaJ and GrpE (KJE)
were purchased from StressGen. The final protein concentrations in these assays were
as follows: 1 mM MXAN_4832, 0.5 mM DnaK, 0.25 mM DnaJ, 0.25 mM GrpE. The
procedures for the luciferase reactivation assay were adapted from those described
previously [9,10]. Briefly, luciferase was incubated in refolding buffer (25 mM HEPES,
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50 mM KCl, 5 mM Mg acetate, 5 mM -mercaptoethanol, 10 μM ATP, pH 7.6) with or
without MXAN_4832 and/or KJE. After equilibrating to room temperature, the mixture
was incubated at 42C for 10 min. At time point 0, 4 μl of the mixtures were removed
immediately after heat treatment. The remainder of the reaction mixtures then was
shifted to 25C. After 10, 30, 60, 90, 120 and 180 min of incubation, 4 μl of reaction
mixture was added to 200 μl of luciferase assay detergent. The mixtures were
immediately transferred to cuvettes, and luciferase luminescence was measured at 562
nm using a QuantaMaster spectrofluorometer (PTI). The level of luminescence peaks
within the first minute following the transfer of a reaction mixture to the luciferase assay
detergent. Therefore, to ensure that the maximum level of luminescence was measured
at each time point, luminescence was measured for 60 seconds at a frequency of 1
point per second immediately after the transfer of the reaction mixture to the luciferase
assay detergent. Five continuous points at the peak of light illumination were selected,
and the average energy of these points was calculated and used to represent the
activity of luciferase.

3.3 Computational analysis
Computational analysis for the projects reported in this dissertation was
composed of two parts: statistics and bioinformatics. All of the methods were aimed to
be kept as simple, effective and accurate as possible. All the bioinformatics tools are
open-sourced and well updated.
Annotation of ABC transporters in M. xanthus. The sequence of M. xanthus was
obtained from GenBank (http://www.ncbi.nlm.nih.gov/GenBank/) with the accession
number NP_387967.1. Each predicted open reading frame (ORF) in this genome was
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annotated using multiple databases and compiled into an excel spread sheet (Garret
Suen, personal communication). ABC transporter-associated genes in the M. xanthus
genome were reviewed and identified mostly using the database pfam [11,12,13] and
COG [14]. More bioinformatic tools such as blast [15], InterPro [16,17], GenBank [18]
and transmembrane prediction server TMHMM Server v. 2.0 [19]
(http://www.cbs.dtu.dk/services/TMHMM/) were used to assist the selection. A manual
curation was adopted to complete the annotation. Briefly, an ORF was deemed an ABC
transporter when at least two databases agreed with each other. In order to ensure that
all putative ABC transporter-associated genes were identified in the genome, a list of
Pfam accession IDs associated with these genes were compiled (Table 3.2) and used
to search the rest of the genome. Furthermore, some hypothetical genes located in the
same operon with some ABC transporter coding genes were manually checked using
pfam and psi-blast. TMHMM was used to predict transmembrane domains in putative
permeases. Using these methods, two additional ABC transporter-associated ORFs
were identified, resulting in a total of 192 putative ABC transporter-associated genes.
Calculation of protein sequence distance matrix. The pairwise distance among
protein sequences were calculated by MEGA5.0 [20] based on MUSCLE alignment [21].
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Table 3.2 Pfam families used to identify ABC transporters
pfam family
subunits pfam family domain
accession
PF00005
ATPase ABC_tran
FtsX
PF02687
BPD_transp_1
PF00528
ABC_membrane
PF00664
ABC2_membrane
PF01061
TM
ABC-3
PF00950
ABC2_membrane_2
PF12679
ABC2_membrane_3
PF12698
ABC2_membrane_4
PF12730
BPD_transp_2
PF02653
DUF 2074
PF09847
FecCD
PF01032
ABC2_membrane_6
PF06182
Cytochrom_C_asm
PF01578
Peripla_BP_2
PF01497
SBP*
Phosphonate-bd
PF12974
SBP_bac_1
PF01547
SBP_bac_3
PF00497
SBP_bac_5
PF00496
SBP_bac_9
PF01297
ABC_sub_bind
PF04392
OpuAC
PF04069
* SBP: substrate binding protein

3.3.2 Quantitative data acquirement and statistical analysis
Image analysis of aggregates during fruiting body development. At each time
point, at least five spots of 108 cells were examined to make sure that there was no
obvious variance among them. Bright field images were taken for two of the five spots
using Nikon microscope and SPOT imaging software at 40x magnification and saved as
non-reduced .tiff files. One of the two .tiff files was selected based on picture quality for
image analysis. One quarter of each photo was submitted for analysis to avoid the edge
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of cell spot to reduce the variation brought by water evaporation. The open source
software ImageJ (http://rsbweb.nih.gov/ij/index.html ) [22] was used to analyze the
feature of aggregates/fruiting bodies. In these images, threshold was automatically
picked by imageJ based on the RenyiEntropy macro, and then manually supervised and
corrected if necessary. After the area of aggregates/fruiting bodies were selected for
analysis, dots either with less than 200 pixel or on the edge are excluded. Four
parameters were used to describe aggregates/fruiting bodies: counts (number of
aggregates/fruiting bodies per unit area), average size, darkness and circularity.
Microarray data analysis. The microarray data series GSE9477 for the ABC trans
porter project was retrieved from NCBI Gene Expression Omnibus (GEO) and normaliz
ed using SNOMAD (http://pevsnerlab.kennedykrieger.org/snomadinput.html, Copyrighte
d (C) 2000) [23].
Data analysis programs. Correlation analysis, regression analysis, multiple range
tests and cluster analysis for the ABC transporter mutants were generated using SAS
9.2 for Windows (Copyright © 2010 SAS Institute Inc. SAS and all other SAS Institute
Inc. product or service names are registered trademarks or trademarks of SAS Institute
Inc., Cary, NC, USA.) and a variety of R packages [24]. Heatmaps were constructed
using R package gplots [25] and boxplots were constructed using R package sfsmisc
[26].
In data transformation for correlation and regression tests, the original data and
15 types of common transformation were applied to each phenotype. And qqplot was
used to examine how they mimic normal transformation. The transformation most close
to a linear qqplot was chosen. The used data transformation is listed in Table 3.3 below.
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Table 3.3 Data transformation for normal distribution
transformation

function

Log function

Y=log10(x), Y=log10(1/x)

Power function

Y=xa, a=1, -1, 2, -2, 3, -3, 1/2, -1/2, 1/3, -1/3, 2/3, -2/3, 3/2, -3/2

Multiple range test. In chapter 4, the Duncan’s multiple range test was applied
using R package agrilcolae [27]. In chapter 5, mutants with defective phenotypes were
identified using student’s t-test and Tukey's honest significant difference (HSD) test
when both tests agreed that their averages were significantly different from that of wildtype. Those two methods were combined because student’s t-test uses the standard
deviation of the tested mutant and wild-type, while Tukey’s HSD uses the standard error
of the whole data set. In order to make this method suitable for data expansion to new
mutants, I used student’s t-test as a pre-selection so that adding a new mutant wouldn’t
change the grouping of the mutants whose phenotypic data are similar to wild-type.
Then the selected mutants were assigned to different phenotypic levels based on
groups from Tukey’s HSD test. If the test result shows that two mutants share all the
same groups, then they belong to the same level. Mutants with no significant difference
from wild-type are in level 0. For the number of aggregates/fruiting bodies, the defective
phenotype was identified using average of wild-type ± 3* standard deviation.
3.4 Summary
Traditional molecular and cellular assay are extremely valuable research tools for
phenotypic research. In this dissertation, almost all the results were derived from those
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fully developed assays. While we are developing new assays, we can also use
computational tools to obtain more information from existing assays. In this study,
imageJ was used to extract four quantitative parameters from one microscopic image.
In this way, we could also scan the color of M. xanthus swarms or analyzing cell
movement pattern using microcinematography. One major challenge in this study was
to process relatively large sets of samples in one experiment and to keep sample
handling and treatment consistent among all experiments. We acquired valid data using
the following strategies: (1) use repeats for each mutant strain in one experiment, (2)
use standard deviation among replicated samples to control quality, (3) always repeat
an experiment if a mutant shows a particularly strange phenotype.
Phenotypic data analysis was another challenge in the aspects of presenting
information, defining the boundary of wild-type, and describing morphological data
quantitatively. The introduction of computational and statistical methods provided
powerful tools to achieve our goals. The integration of biological, bioinformatics and
statistical approaches helped us to achieve goals that could not be fulfilled by any one
of them alone.
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Chapter 4 Identification of genes based on sequence
homology and expression pattern
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4.1 Introduction
In 2001, the first draft of M. xanthus genome sequence was released to the
academic community [1], which enabled the use of reverse genetics as well as forward
genetics in the functional study of M. xanthus genome. The starting point of reverse
genetics is the availability of at least part of the genome sequence. In this method,
sequences of mutated or deleted genes are already known, and the effects of mutation
are studied for changes in phenotype. In contrast, forward genetics involves screening
for phenotypes and then mapping different phenotypes to their corresponding genomic
sequence elements. Methods for this type of study include the creation of genome-wide
transposon insertion libraries, followed by phenotypic screening, transcriptomics, or
proteomics. These methods are based on the hypothesis that cellular/multicellular
phenotypes are connected to changes in the expression profile [2].
In this chapter, I’m going to introduce three different projects that study gene
function based on sequence homology (4.2), microarrays (4.3.1) and 2D gel
electrophoresis (4.3.2), respectively. Sequence homology has been widely used to
predict gene function based on DNA or protein sequence. Its predictive power has been
better at determining molecular function than cellular function or organism phenotype,
due at least in part to the differences in each organism’s physiology and morphology.
Nevertheless, it serves as an important tool to expand our knowledge in all kinds of
functional studies. The “-omics” set of tools emerged with the development of high
throughput sequencing, and it enables us to make genome-wide identification of genes
regardless of their homology. Those two methods complement each other in our G2P
investigations.
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4.2 G2P study based on homology: a Hsp100/ClpC protein plays a
pleotropic role
The Clp/Hsp100 proteins are ubiquitous among bacteria, lower eukaryotes and
plants. No Clp/Hsp100 protein has been characterized in the multicellular prokaryote M.
xanthus, even though there are ample possibilities for these proteins to play a role in its
complex response to starvation stress. Clp/Hsp100 proteins are good candidates to be
involved in any or all of these processes.

4.2.2 Results
MXAN_4832 is a homolog to ClpC/Hsp100 proteins. There are 12 ORFs
identified as Clp/Hsp100 homologs in the current annotation of the M. xanthus genome
(GenBank accession no. NC_008095); from these we selected MXAN_4832 because it
is specifically a homolog of ClpC. We focused on a ClpC homolog because, in B.
subtilis, a ClpC deletion significantly reduces endospore formation at 45°C (~1000-fold
when compared to the clpC+ strain) [3]. We therefore hypothesized that a mutation in
MXAN_4832 might exhibit a mutant sporulation phenotype in M. xanthus that involves a
decreased resistance to heat. We also selected MXAN_4832 because ClpC homologs
are rare in Gram-negative bacteria, such as M. xanthus, suggesting that MXAN_4832
may have an important function.
Our annotation of MXAN_4832 as a Clp/Hsp100 homolog is based on five
conserved domains (Figure 4.1a). Alignment of MXAN_4832 with other identified
ClpA/B/C proteins revealed that the linker domain of MXAN_4832 is closest to ClpC
(Figure 4.1b). The function of the linker is not known, but its length is used as an
identifier to distinguish between ClpA, B and C proteins [4].
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Figure 4.1 Sequence comparison of MXAN_4832 to Clp/Hsp100 proteins. a) The
diagram of MXAN_4832 protein domains. The two pentagons represent two ClpN
domains, followed by two AAA domains drawn in rectangular open bars. The grey oval
ClpB D2-small domain is located in the C-terminus of the protein. The rest of the protein
is represented with a thin black line. The picture is not drawn to scale. b) Sequence
alignment around the linker regions among four ClpA/B/C homologs based on blastp.
Eco: Escherichia coli; Bsu: Bacillus subtilis. The length of this linker region is used to
distinguish between ClpA, B and C [4]. MXAN_4832 and B. subtilis ClpC have a similar
linker region size.

Deletion of MXAN_4832 causes no growth defect, but reduces the swarm
expansion rate. To study the cellular function of MXAN_4832, we constructed the
strain ∆4832 by counter selection [5]. In agitating liquid culture, ∆4832 shows no growth
defect. In fact, its doubling time is slightly faster than wild-type DK1622 (~5%). It also
reaches a slightly higher concentration before entering stationary phase (~10%) (data
not shown).
On an agar substrate, M. xanthus employs two genetically separable motility
systems, called adventurous (A-) and social (S-) motility. A swarm exhibiting only A-
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motility has a reduced rate of expansion on 0.4% (soft) agar compared to DK1622, and
a swarm of cells exhibiting only S-motility has a reduced rate of expansion on 1.5%
(hard) agar [6,7]. A comparison of mutant swarm expansion rates on both hard and soft
agar can indicate a possible defect in one or both of these motility systems. ∆4832 has
a reduced expansion rate on soft agar (~57.5% of DK1622) and a normal expansion
rate on hard agar, indicating that S-motility may be impaired.
To observe how ∆4832 differs from DK1622 with respect to the movement of
cells within a swarm, we focused on cells at the swarm edge. Within a swarm, the A and
S motility systems work synchronically, and the effect of each one can be observed at
the edge of a swarm edge using phase-contrast microscopy. After only several hours of
growth and expansion on 0.1% CTTYE agar, the edge of a DK1622 swarm exhibits a
combination of multicellular flares and individual cells (Figure 4.2a). In contrast, a
swarm possessing only the S-motility system (DK1218) has an edge with flares but
almost no individual cells (Figure 4.2b), whereas a swarm with only A-motility (DK1253)
has many individual cells and diminished flares (Figure 4.2c). The swarm edge of ∆4832
(Figure 4.2d) appears much more like an A+S- swarm than either an A+S+ or A-S+
swarm.
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Figure 4.2 swarm edge of ∆4832 to motility mutants. Representative images were
taken from microcinematography image stacks, and were from the 2nd hour after the
initiation of swarming (white bar = 0.1 mm).

Normal S-motility requires functional fibrils and pili [8,9]. To determine if a defect
in either fibrils and/or pili might have caused the reduced rate of swarm expansion
observed in ∆4832, I first performed an agglutination assay as described in Chapter
3.2.3 (Figure 4.3a). Pili and fibrils are required for normal clumping in non-agitating
liquid culture. So a reduced rate of decrease in absorbance is further indication of a
possible defect. Using this assay, it was determined that the ∆4832 agglutination rate
matches DK1622 during the first hour, but is reduced when compared to DK1622 after 3
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h. These data support the hypothesis that there is a defect in the production of fibrils
and/or pili [10].

Figure 4.3 Test of extracellular matrix of ∆4832. a) agglutination assay. The
absorbance of DK1622 (squares) and ∆4832 (diamonds) were checked every 10 min for
the first 100 min and every 20 min for the remainder of the assay. Each strain was
tested three times independently and error bars show the standard deviation. b) an
immunoblot showing extracellular PilA. The third lane from the left is from RW10210,
which is a mutant strain with an insertion in the pilI gene, an ABC transporter
component required for exporting PilA. Thus RW10210 does not have extracellular pili
and serves as a negative control. c) Calcofluor white binding of ∆4832 swarm compared
to DK1622 (A+S+), DK1253 (A+S-) and DK1218 (A-S+). Images were acquired under long
wavelength UV light. Arrows indicate the edge of colonies. d) Spectra scanning of
∆4832 binding with congo red compared to DK1622 cells. The absorbance peak of
∆4832 does not shift, but is lower than the peak of DK1622.

To determine if ∆4832 can produce pili and export them to the cell surface, we
isolated surface pili and examined them by Western blot. These data indicate that the
production and export of pili in ∆4832 is similar to DK1622 (Figure 4.3b). We then
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examined the pattern and composition of fibrils within a swarm using calcofluor white
and congo red. Staining an expanding swarm with calcofluor white reveals the pattern of
the underlying matrix, and fibrils form an important part of this matrix. Figure 4.3c shows
the calcofluor white staining pattern for both DK1622 and ∆4832, together with mutant
strains DK1253 and DK1218, which have known S- and A- motility defects, respectively.
The ∆4832 staining pattern is not like DK1622 as it lacks the bright center around the
area of the initial swarm, but staining is observed in ∆4832, which indicates that fibrils
are being produced. In addition, the staining pattern of ∆4832 does not appear similar to
either DK1253 or DK1218, which indicates that the difference observed between ∆4832
and DK1622 is not simply due to the absence of one of the motility systems. What these
observations do reveal is a possible defect in timing of fibril production, since the area
that binds to calcofluor white in ∆4832 can only be seen at the swarm edge.
Congo red staining was then used to determine if ∆4832 produces an abnormal
amount of fibrils, or if its fibrils have a different composition when compared to DK1622.
Congo red stains fibrils, and upon staining it shifts its absorbance spectrum. When
staining the same number of cells of both ∆4832 and DK1622, the overall absorption
reflects the amount of fibrils produced, and any shift in the absorption profile reflects a
difference in fibril composition. Figure 4.3d shows representative spectra for both ∆4832
and DK1622; the intensity of absorption is lower for ∆4832, but there is no shift in the
absorption peak. These data indicate that ∆4832 produces fewer fibrils than DK1622,
but the ∆4832 fibrils are normal in composition.
∆4832 exhibits defects in aggregation. When spotted on starvation TPM agar,
∆4832 aggregation is delayed by up to 36 h compared to DK1622, and the aggregates
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that do form are translucent and amorphous (Figure 4.4a). To test if the delay in
aggregation is due to the observed defects in the production of extracellular matrix, we
examined the developmental impact of mixing ∆4832 cells either with DK1622 cells
(which produce normal amounts of extracellular matrix), or with fibrils that had been
extracted from DK1622 cells. Previous work showed that fibrils from wild-type cells can
rescue the aggregation morphology of a Dsp mutant, which lacks extracellular fibrils
[11]. A similar rescue effect can also be accomplished by mixing wild-type cells with Dsp
mutant cells [12]. We hypothesized that, if the aggregation delay of ∆4832 was due to a
deficiency in fibrils, it could also be rescued by similar means. When mixing DK1622
with ∆4832 cells in a 1:4 ratio, aggregation begins within 24 hours, and aggregates
mature into elongated shapes. The efficiency of rescue is improved by increasing the
proportion of DK1622 cells (Figure 4.4b). A 1:1 (DK1622/∆4832) ratio produces
aggregates by the 12th hour, with morphology similar to 100% DK1622. At a 2:1 ratio,
the aggregation is almost indistinguishable from 100% DK1622.
We have already observed that ∆4832 produces both fibrils and pili, but perhaps
one or both are not able to function properly. To test whether the observed aggregation
defects in ∆4832 might be related to its pili, we performed a rescue experiment using
extracellular pili isolated from DK1622 cells. Aggregation of ∆4832 can be rescued by
isolated pili from the same number of DK1622 cells within 24 hours (Figure 4.4c), and
the aggregates are darker and have more distinct edges than ∆4832 cells without
DK1622 extract. Interestingly, isolated pili from ∆4832 can also slightly rescue ∆4832
aggregation, but DK1622 extract is much better (Figure 4.4c). To test the hypothesis
that fibrils from DK1622 are responsible for the whole-cell rescue of ∆4832 aggregation,
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We extracted fibrils from DK1622 cells and then added them to ∆4832 cells prior to
starvation. This extract was able to rescue ∆4832 aggregation, and when added to a
final concentration of 1 mg/ml equivalent of carbohydrates, the resulting aggregates
were very similar to DK1622 (Figure 4.4d). It is important to note that both pili and fibril
extracts were enriched but not highly purified, and therefore may contain other factors
that are also involved in aggregation. Nevertheless, when the results of these three
rescue experiments are considered, they indicate that the aggregation defect in ∆4832
can be rescued by adding back the extracellular component enriched for pili and fibrils.
Therefore pili and fibrils likely contribute to the aggregation mutant phenotype.
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Figure 4.4 Aggregation assay and rescue experiments. ∆4832 displays delayed
aggregation on TPM starvation agar. a) Wild type DK1622 shows obvious aggregation
centers (black dots) at the 12th h after starvation. ∆4832 forms aggregates by the 48th h,
but they are less condensed, even at the 120th h. b) Aggregation rescue of ∆4832 by
DK1622 cells. The number in front of each row indicates the ratio of DK1622 cells to
∆4832 cells. The timing and shape of aggregates is dependent on the ratio of DK1622
cells. A 2:1 ratio exhibits aggregation similar to 100%DK1622. c) Aggregation rescue of
∆4832 by isolated pili from ∆4832 cells (upper panel) and DK1622 cells (lower panel). d)
Aggregation rescue by DK1622 fibrils. ∆4832 cells restored aggregation when fibrils
from DK1622 were added before starvation. Images were acquired at the 72 nd h after
development initiation.

∆4832 produces heat sensitive spores. In a swarm of DK1622, spores form
within aggregates when development is nearly complete, and it marks the transition
from aggregates to mature fruiting bodies. Even though swarms of ∆4832 produce
abnormal and delayed aggregates, the sporulation efficiency of ∆4832 is normal under
standard assay conditions (50°C). These data are significant because they indicate that
the observed motility or aggregation abnormalities do not significantly impact the ability
of ∆4832 to form spores. This finding is not unprecedented; mutations that produce
motility and/or aggregation defects do not necessarily affect sporulation [13,14]. On the
other hand, the standard sporulation assay represents only one set of conditions. Just
because a mutant strain’s sporulation efficiency is unaffected by those conditions, it
does not prove that the spores are the same as those of DK1622.
When we altered the conditions slightly, the results of the ∆4832 sporulation
assay data changed significantly. The “standard” sporulation assay involves heating a
suspension of cells from mature aggregates at 50°C to kill all cells that are not spores,
then plating the suspension and eventually counting the colonies from emerged spores
that survived. If we increase the heating temperature to 55°C instead of the standard
50°C, the sporulation efficiency of ∆4832 is reduced to less than 1% of DK1622 (Table
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4.1). Therefore, although the sporulation of ∆4832 does not seem to be impaired (∆4832
forms approximately the same number of spores in the same amount of time as
DK1622 based on the standard assay), the spores that are produced by ∆4832 during
development are not the same as those of DK1622; they are more sensitive to heat.
To explore the relationship between ∆4832 development and the heat sensitivity
of ∆4832 spores, I tested the heat resistance of ∆4832 spores created using an
alternative mechanism of sporulation, which is partly decoupled from development.
Besides starvation, M. xanthus cells can also be induced to form spores by exposing
them to glycerol. This process is comparatively rapid, and bypasses some of the
developmental process [15]. Interestingly, the glycerol-induced spores of ∆4832 display
heat sensitivity similar to DK1622 spores at both 50°C (data not shown) and 55°C (Table
4.1), indicating that the difference we observe between ∆4832 and DK1622 starvationinduced spores is due to something that occurs (or does not occur) during the process
of development, rather than some inherent inability of ∆4832 cells to become spores.

Table 4.1 Spore assay of ∆4832 with heat treatment
Fruiting body spores (%)*

Glycerol spores (%)*

50°C

55°C

55°C

DK1622

100 ± 5.87

100 ± 13.53

100 ± 30.21

∆4832

164.42 ± 21.31

0.50 ± 0.04

92.01 ± 36.48

*Percentage is shown as average ± standard error. The assay was repeated at least
three times independently, each in triplicate.
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MXAN_4832 functions as a molecular chaperone in vitro. ∆4832 exhibits
similar defects as Clp/Hsp100 mutants of other bacteria, but can the protein product of
MXAN_4832 function as a chaperone? To test this, I performed an in vitro biochemical
characterization using a luciferase reactivation assay. At 25°C, luciferase catalyzes the
oxidation of luciferin and produces luminescence at a wavelength of 562 nm. This
reaction is heat-sensitive, and luciferase is permanently inactivated when heated to
42°C. Clp/Hsp100 proteins can prevent this permanent inactivation if and only if the
purified protein is added prior to heating [16,17]. If it is, then luciferase can be refolded
through the addition of molecular chaperones DnaK, DnaJ and GrpE (KJE)
[16,17,18,19] (StressGen). To determine if the protein product of MXAN_4832 can
function as a chaperone, I tested its ability to prevent the permanent inactivation of
luciferase.
In this assay, the E. coli chaperone set KJE, as well as MXAN_4832, was added
to the reaction before and/or after the heat shock treatment. KJE would recover
luciferase activity only if it was present before heat shock [16], which was also
confirmed in my results (Figure 4.5, diamonds). Substituting MXAN_4832 for KJE
before heat shock restored some of the activity if KJE was added after heat shock
(Figure 5, light squares). If MXAN_4832 was absent before heat shock (Figure 5,
triangles), or if KJE was not added after heat shock (Figure 4.5, dark squares), then
luciferase was not reactivated. We therefore conclude that MXAN_4832 can function to
protect luciferase from permanent inactivation, and is therefore a chaperone.
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Figure 4.5 Luciferase reactivation assay of MXAN_4832 protein. Luciferase
incubated with the E. coli heat shock proteins KJE before heat shock (diamonds) can
recover up to 20% of the original activity. Luciferase incubated with MXAN_4832 protein
before heat shock with additional KJE after heat shock can also recover more than 12%
of the original activity (light squares). Without MXAN_4832 protein before heat shock,
KJE added after heat shock (dark squares) does not reactivate luciferase. Also, when
no KJE is added to the heat treated MXAN_4832/luciferase mixture, luciferase is not
reactivated (triangles). Crosses indicate the activity of luciferase without any molecular
chapereones. All experiments were repeated independently at least three times and
standard deviations are shown.

4.2.3 Conclusion and discussion
MXAN_4832 is the first Clp/Hsp100 ortholog to be characterized in a
myxobacteria. We demonstrated that the deletion of MXAN_4832 in M. xanthus
produces a mutant strain with a normal vegetative growth rate, but with defects in
swarming and aggregation. Agglutination assays, fluorescent staining, and rescue
experiments all indicated that these defects could be due to changes in fibrils and/or pili
within a swarm. These data are consistent with the results of motility assays and a
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qualitative analysis of the swarm edge, both of which indicated that the deletion
disproportionately affects the S-motility system. Defects in fibrils have previously been
linked to both S-motility and developmental abnormalities [20]. Although still lacking
direct evidence, fibrils in M. xanthus have been found to regulate pili retraction [20].
They also contain probable receptors for pili attachment [21] and for chemical signals
such as dilauroyl PE [22], which stimulates the chemotaxis receptor DifA during
starvation [23]. To have an effect on S-motility and aggregation, MXAN_4832 does not
need to directly coordinate multicellular behavior. Instead, it may function in related
processes such as the biosynthesis, transportation, or maturation of fibrils or fibril
related proteins.
An analysis by Western blot indicated that the production and export of pili is not
impaired in ∆4832. On the other hand, ∆4832 aggregation can be rescued by adding
isolated extracellular pili from either DK1622 or ∆4832 (although DK1622 is much
better). This may mean that the pili in 4832 do not function as well as those of
DK1622, but that is only one of several plausible interpretations. For example, the
preparation of isolated pili may contain other cell surface components, such as fibrils or
peptidoglycan, and so the observed rescue by isolated DK1622 and ∆4832 pili may
actually be related to the production of fibrils. It is also possible that peptidoglycan
might be involved, since peptidoglycan components have been found to induce rippling
in wild-type cells and rescue certain sporulation mutants such as csgA [24]. Although no
direct relationship has been established between cellular peptidoglycan and cell
aggregation, it could be a factor that contributes to the observed aggregation phenotype
of ∆4832.
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The delayed, translucent, and amorphous aggregates formed by ∆4832 during
development appear very different from those of DK1622. They produce a normal
number of spores, however, which could survive the “standard” sporulation assay
conditions that kill vegetative cells. An increase in sporulation assay temperature from
50°C to 55°C is required to distinguish ∆4832 spores from DK1622 spores. This
indicated that although ∆4832 can make nearly normal spores, these spores are more
heat-sensitive than the wild-type ones. The fact that a heat-sensitive sporulation
phenotype is also observed in a ClpC deletion strain of B. subtilis [3] is interesting, and
indicates that ClpC may be important in the same way for the formation of both
endospores and myxospores. The observation that glycerol-induced ∆4832 spores are
not heat-sensitive indicates that the phenotypic defect of ∆4832 occurs during the
process of starvation-induced development, and it weakens but does not interrupt
∆4832 sporulation.
Finally, we demonstrate that the protein product of MXAN_4832 can function as
a chaperone in vitro, thus supporting our hypothesis that it is a functional ClpC ortholog.
There is evidence that ClpC orthologs also function in other biofilm forming species. For
example, deletion of ClpC impairs biofilm formation in S. aureus [25], and ClpC
expression is induced in both S. aureus and Leptospirillum spp. in the filamentous
biofilm [26,27]. From our experimental results, we propose that MXAN_4832 impacts an
M. xanthus biofilm through the timing and distribution of fibrils. There is precedence for
such a model. Another molecular chaperone identified in M. xanthus, MXAN_6671, is a
DnaK ortholog that was found to mediate fibrils production [28,29]. Deletion of
MXAN_6671 results in no fibrils and severe developmental defects [28,29]. It is possible
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that the functional pathways of DnaK and MXAN_4832 overlap in M. xanthus fibril
production.
4.3 G2P study based on expression profiles: identification of developmental
genes in M. xanthus
The expression of genes is mediated at both transcriptional and translational
levels. These different regulatory mechanisms work together, and enable cells to
respond to environmental stress. During fruiting body development and myxospore
differentiation, there are at least dozens of signals being expressed that regulate
downstream pathways [30]. Therefore, tools such as microarrays and minimal labeling
differential in-gel electrophoresis (DIGE) analysis are ideal methods to uncover genes
that are induced or repressed at different time points.

4.3.1 Correlating the timing of gene expression and development
phenotype
M. xanthus cells undergo dramatic changes in behavior, morphology and genetic
regulation during development, especially in the first 24 hours[30]. Some have
hypothesized that development is controlled through “a temporal sequence of gene
expression events” [31], which we take to mean that genes are transcribed and
translated when their gene products are required.
There are data that support this hypothesis. Most notably, Kroos et al. [32]
showed that mutant strains containing disruptions in transcripts whose production
increases during development are more likely to display developmentally defective
phenotypes. Using Tn5lac transposon mutagenesis, they were able to enrich for
mutants that exhibited developmental defects from 0.5% (random mutagenesis) to 20%
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by selecting strains that showed an increase in beta-galactosidase (β-Gal) activity
during development. In other words, by disrupting transcripts that were expressed
during development, they were able to enrich for development mutants.
4.3.1.1 Identifying the upregulated genes between 18th-24th hour of development
In this work we sought to test the limits of the hypothesis that there is a close
correlation between gene expression and phenotype that occurs along the
developmental process. If such a close correlation exists, then it should be possible to
enrich for mutant phenotypes specific to one period of development by selecting targets
whose transcription increases during that period. If true, then genes for which
transcription is activated early in development are more likely to be needed early, and
disrupting these genes will enrich for mutant phenotypes that appear early, before
aggregates have even started to form. Also, genes for which transcription is activated
late in development are more likely to be needed late, and disrupting these genes will
enrich for phenotypes that appear late, when aggregates are assuming their final shape
and sporulation is underway.
In some ways, this hypothesis is already assumed to be correct. The concept of
“early” and “late” developmental genes underlies the interpretation of existing
expression profile data that plots gene expression during development [33]. Therefore,
we mined some of these publicly available data to identify late developmental genes,
from samples taken 18 and 24 hours after the onset of starvation in submerged culture
using MC7 buffer (8) (Anthony Garza, personal communication). A total of 127 ORFs
were elevated more than two-fold for at least one of these time points. Insertion mutant
strains were created for a representative sample (26 strains, or 20%) using standard
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homologous recombination methods [34]. Many of these targets had been annotated as
putative genes, and were selected to cover a wide range of functional families (Table
4.2). We examined each mutant strain for phenotypic characteristics related to
development, such as overall swarm motility, aggregation timing and morphology, and
sporulation efficiency.

Table 4.2 Annotation of the 26 ORFs in our study
ORF#
MXAN_0179
MXAN_0559
MXAN_0821
MXAN_1141
MXAN_1228
MXAN_1365
MXAN_1525
MXAN_1671
MXAN_2193
MXAN_3060
MXAN_3153
MXAN_3468
MXAN_4480
MXAN_4887
MXAN_4738
MXAN_4754
MXAN_4958
MXAN_5820
MXAN_6003
MXAN_6038
MXAN_6457
MXAN_6610
MXAN_6671
MXAN_6693
MXAN_6967
MXAN_7025

annotation
metallo-beta-lactamase family protein
ABC transporter, ATP-binding protein
TonB family protein
peptidase, M16 (pitrilysin) family
hypothetical protein
hypothetical protein
FHA domain/GGDEF domain protein
membrane-bound proton-translocating
pyrophosphatase
multidrug resistance protein
CglB protein
ethanolamine ammonia-lyase, large
subunit/small subunit
lipid transfer protein, putative
putative transcriptional repressor
major facilitator family transporter
PhoH protein
PBS lyase HEAT-like repeat-containing protein
transcriptional regulator, MerR family
Ste24 endopeptidase
ABC transporter, ATP-binding protein
dipeptidyl peptidase IV
hypothetical protein
ATPase, AAA family
chaperone protein DnaK
response regulator DifD-like protein
ferric uptake regulator, FUR family
stress-70 protein, DnaK family
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e-value
6.0e-85
0
0
0
1.0e-61
3.0e-155
5.0e-142
0
3.0e-31
2.0e-108
0
3.0e-51
5.0e-40
0
2.0e-168
3.0e-51
0
1.0e-31
3.0e-159
0
2.0e-155
3.0e-176
0
6.0e-59
4.0e-61
0

4.3.1.2 Developmental phenotype of the 26 single gene mutation
In M. xanthus, there is an established correlation between defects in motility and
developmental defects [35,36]. M. xanthus uses a form of gliding motility [37,38] that
consists of two genetically separable components, called adventurous (A) and social
(S). In general, swarms that have only A-motility expand more quickly on ‘hard’ (1.5%)
than on ‘soft’ (0.4%) agar, and the reverse is true for swarms that have only S-motility
[7,39]. Therefore, we compared the expansion rate of our mutants on both hard and soft
agar to the expansion rate of wild-type and used the ratio as an indicator of motility
defects (Figure 4.6). Each strain was tested on nutrient media CTTYE using both hard
and soft agar. Duncan’s Multiple Range Test (MRT) revealed that mutation of three
ORFs, MXAN_4480, MXAN_6693 and MXAN_6671, formed a distinct group whose
swarm size on 0.4% agar was below 60% of wild-type, indicating a moderate S-motility
defect (Figure 4.6, light grey bars). Disruption of MXAN_6671 and MXAN_3060
displayed significantly reduced motility (<80%) on 1.5% agar (Figure 4.6, dark grey
bars). Interestingly, insertion in three ORFs, MXAN_4958, MXAN_4738 and
MXAN_5820 generated elevated swarm expansion on 1.5% agar, but such elevation
has not been observed on 0.4% agar.
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Figure 4.6 Motility of mutant swarms on soft (dark grey) and hard (light grey)
agar. The following strains were used as controls: DK1622 (A+S+), DK1253 (A+S-),
DK1218 (A-S+) and DK11316 (A-S-). The diameter of the initial spot was ~2 mm for
every strain. After three days of incubation, the increase of diameters of mutant swarms
were compared to the increase of wild-type DK1622 and a ratio was calculated. Data
were then analyzed using MRT. Mutants in the groups that were most significantly
different from the wild-type group were marked as less (*) and more (**). All
experiments were repeated twice independently, each time with at least three swarms
for each strain. Error bars represent the standard deviation of four replicates from one
experiment.

A development assay was performed on these 26 mutants. Regarding timing: a
developing wild-type swarm forms aggregates by 12 hours. Therefore, any mutant strain
that failed to show aggregates at 12 hours was considered delayed and, if a mutant
failed to show aggregates by 120 hours it was considered defective. Regarding
morphology: wild-type fruiting bodies are ~0.1 mm in diameter, roughly circular, and
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evenly dark. Therefore, aggregate size, circularity, and consistency were considered for
each mutant strain. If aggregates were elongated (AG1201), unusually small (AG1210),
or variegated (AG1219), then the strain was considered morphologically mutant (Figure
4.7).
Each sporulation assay was performed using 5 spots of 20 µl each containing
approximately 5.0 X 107 vegetative cells that were allowed to develop 5 days on TPM
1% agar. Cells then were transferred to liquid TPM, sonicated, heated (50 ◦C) for two
hours, and then plated on CTTYE agar. Sonication and heat kills vegetative cells, but
not myxospores, which germinate to form colonies when plated on CTTYE. Colony
number indicates sporulation efficiency for mutant strains when compared to wild-type.
A total of 21/26 (81%) mutant strains produced >50% of wild-type spores (Figure 4.8).
Mutation of only one ORF produced <20% of wild-type (Figure 4.8, *).

Figure 4.7 Development assays of mutant swarms on TPM agar. Images of mutant
swarms with delayed aggregation compared to wild-type. The first three mutant strains
were constructed with the inserts in ORFs induced at the 18th hour while the rest are
from the ORFs induced at the 24th hour. The letters below the name of each strain
indicate mutant phenotypes in addition to aggregation delay: ab, abolished fruiting body
formation; A, deficient in motility on hard agar; S, deficient in motility on soft agar; m,
morphological defects in aggregates/fruiting bodies; sp, low sporulation efficiency.
Images of strains that did not display aggregation phenotypes are not shown.
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Figure 4.8 Sporulation efficiency of mutant strains. Data were presented as a
percent of wild-type (DK1622). Error bars represent the standard deviation of triplicates
from at least one experiment. At least two independent experiments were performed for
each mutant. Data were analyzed using MRT, and one (*) or two asterisk (**) shows the
group of mutant strains that displayed the most distinct phenotype compared to wildtype at the two ends.

4.3.1.3 Conclusion and discussion
Mutant strains with delayed or deficient aggregation displayed a developmental
program that was altered at an early point, whereas morphological and sporulation
mutant strains with no aggregation delay may not have been affected until later. A total
of 16 out of 26 mutant strains (>50%) showed a developmental defect. Out of these, 15
were aggregation delayed, one was aggregation deficient, 4 were morphologically
aberrant, and one was sporulation defective (Figure 4.7, 4.8). Because 15 of the 16
developmentally defective mutant strains were aggregation delayed, and one never
formed aggregates, all would be characterized as having an ‘early’ defect.
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In this study, we were able to identify a high number of development mutants in
M. xanthus by using expression profiles to select target genes whose mRNA levels
increased during development. These results provide further support for the hypothesis
that transcription and phenotype are related in development [31]. However, we did not
enrich for late stage development mutants by selecting target genes whose mRNA
levels increased late in development. A direct interpretation of these data serves to limit
the hypothesis regarding the correlation between the gene expression and
development; this correlation does not appear to extend to the different parts of
development.

4.3.2 Identification of spore specific protein in M. xanthus
Spore differentiation inside fruiting bodies was found to be regulated by a high
concentration of C-signal [30,40,41] and the dev operon [32,42,43]. Although the
morphological changes that occur during M. xanthus sporulation have been well
documented, relatively little is known about the corresponding molecular changes that
allow cells inside fruiting bodies to differentiate into stress resistant spores. In previous
studies, only a few M. xanthus spore proteins have been identified, and most of these
proteins are not required for sporulation or spore stress resistance [44,45,46,47,48,49].
Using proteomics tools, the protein contents of M. xanthus vegetative cells and mature
spores were compared. Three previously uncharacterized proteins were identified. All of
them are highly expressed in mature spores compared to the levels in their vegetative
cell counterparts. The three proteins were annotated as hypotheticals in M. xanthus
genome (GenBank accession no. CP000113). One of them, MXAN_6969 (mspC, major
sporulation protein C) was found 44 fold higher in spores than in growing cells. The
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transcription of mspC was observed at 24th hour after development initiation and the
transcript could still be tested until 120th hour. Electron scanning microscopy of mspC
showed that its fruiting body and spore morphology resemble wild-type DK1622, and
mspC mutants spores have similar amount of spore surface protein C, U and S.
However, transmission electron microscopy analysis of mspC spores revealed their
ultra-structure with thinner coat and separated cortex. Coat and cortex are both
important for spore resistance in B. subtilis [50,51,52]. Thus the impaired coat and
cortex morphology may indicate reduced stress resistance of mspC spores. To test this
hypothesis, mspC spores were treated with heat (50°C, 55°C), SDS (1% for 1h and 2h),
lysozyme and sonication (output 4.0). Under all the tested conditions, significant
reduction in stress resistance was found in mspC spores (50°C: 4.6 ± 9, 55°C: 0.03 ±
0.02, SDS, 1%, 1h: 5.6±0.01, SDS, 1%, 2h: 5.7± 0.01, lysozyme: 14.6 ± 9.2, sonication:
1.7± 0.3; numbers indicate the percentage comparing to wild-type under the same
treatment and are shown as average ± standard deviation). Taken together, MspC plays
an important role in M. xanthus sporulation. It is probably involved in cortex integration
and coat development. Based on the prediction of CELLO [53], MspC localizes in
periplasm of M. xanthus cells, which might be an indication that periplasmic
components are related to coat and cortex synthesis in M. xanthus.
4.4 Summary
In this chapter, we have introduced three different methods that have
successfully identified genes involved in certain phenotypes of M. xanthus. These
findings can help us understand the multicellularity of M. xanthus. Furthermore, all three
methods have their own advantages. By comparing two close orthologs from different
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species, we can begin to compare their functional pathways and how they affect the
physiology of each species. ClpC in Gram-positive B. subtilis has been studied for
decades [54,55], and it serves as an excellent starting point for our investigation of ClpC
in M. xanthus, whose expression is not induced during the first 24 hour of development
(data not shown). A comparison of endospores and myxospores reveals both significant
similarities as well as important differences, where endospores are engulfed into mother
cells and myxospores are formed by transformation from vegetative cells. However,
both organisms have orthologous genes that appear to play similar roles in sporulation.
ClpC in B. subtilis is involved in degrading the transcriptional repressor CtsR, whose
proteolysis is regulated by phosphatase McsB. In the M. xanthus genome, one McsB
but no CtsR ortholog was identified using blastp [56], which may indicate an alternative
regulatory pathway for ClpC in M. xanthus cells.
Function deduced by homology is a good strategy, but it requires knowledge of
function. However, almost half of sequenced genome, from bacteria to human, codes
for proteins with unknown function. Expression profiling screens for genes without bias
towards their annotation. In this way, genes that function in the same pathway(s) can be
revealed, including the ones coding for hypothetical proteins as well as proteins with
known function. By mutating those genes and characterizing the phenotype of mutants,
aspects of their function may be deduced.
One of our ultimate goals is to discover the regulatory pathways for M. xanthus
multicellularity. The three methods described in this chapter, however different their
underlying assumptions may be, can be used to identify different sets of genes and
pathways. At this point, novel working mechanisms may be uncovered.
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Chapter 5 Systematic analysis of ABC Proteins in M. xanthus
multicellularity
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5.1 Introduction
M. xanthus is widely recognized as a model organism for studying single-species
prokaryotic multicellularity. An M. xanthus swarm exhibits several well-studied and
quantifiable multicellular characteristics during swarming and development; these
include the rate of swarm expansion on nutrient media at different agar concentrations,
the speed and completeness of aggregation during development, and the timing and
efficiency of sporulation in response to starvation or glycerol shock. These quantifiable
phenotypic characteristics serve to differentiate wild-type from mutant, and they provide
some insight into the possible cellular dysfunction of mutant strains, but the exact nature
and relationship of these phenotypes has not been rigorously examined. For example,
swarms that driven by either A- or S-motility systems alone are known to expand better
on either hard (1.5%) or soft (0.4%) agar, respectively. Nevertheless, there are mutant
strains with defects in either A- or S-motility that exhibit reduced swarm on both
concentrations of agar. Therefore, it is unclear whether movement on hard and soft agar
represents independent or semi-independent phenotypic characteristics. When we
measure swarm expansion on hard and soft agar, are we measuring two different
phenotypes, or different aspects of the same phenotype?
Multicellularity is a group decision made by individual cells in response to
environmental cues or cell status; it requires intercellular communication. Signals must
be transferred into and out of cells in order to coordinate a group response, and so we
selected a major family of transporters as an appropriate set of candidate genes to
study the relationship between swarm phenotypes. The ABC transporters are located
across the cell membrane, and they serve as the channel that connects the cytoplasm
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to the extracellular space. The importers are responsible for taking up important
nutrients and molecules for growth, energy transduction, and all other aspects of
metabolism. The exporters transport signal molecules that communicate with other cells
to coordinate movement or the production of chemicals. M. xanthus lacks the ability to
synthesize the branched-chain amino acids and counts on importers to acquire these
important nutrients. Lack of such an importer may trigger development, whereas the
lack of a single exporter may prevent its coordination. ABC transporters also participate
in protein secretion, which may be important for the change of cell ultra-structure during
development and therefore mutation of those transporters may alter sporulation.
Altogether, ABC transporters are likely to have many important and varied functions
involved in M. xanthus multicellularity.
Understanding the relationship between genotype and phenotype is an important
way to broaden our knowledge from individual studied genes to entire homologous gene
families. We have long assumed that a direct relationship exists between sequence
homology and functional similarity. This implies that two orthologs in different species,
and two paralogs from the same species are likely to have the same or a similar
molecular function, even though they are assumed to have different cellular functions
within the same species. In another word, two close paralogs might have the same
molecular function in different pathways, or slightly different functions in the same
pathway. These assumptions are fundamental to the study of sequence analysis and
functional genomics, and it is essential that they undergo thorough and rigorous
hypothesis testing. For example, if the stated assumptions regarding homology and
function are true, then perhaps a direct relationship between homology and phenotype
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can be observed in paralogs as well as orthologs. This hypothesis has been assumed to
be true, and is therefore used as starting point for many research projects (i.e. gene x is
homologous to gene y, gene y has function A, perhaps gene x is also involved in A), but
it hasn’t been systematically tested. We selected the ABC transporters as a suitable
homologous family for testing this hypothesis in M. xanthus because their functional
pathways are tightly related to their substrates, which may reduce the complexity of the
relationship between genotype and their mutant phenotype when compared to other
candidate families such as transcriptional regulators. If we were looking to find
experimental evidence in support of the homology-function-phenotype hypothesis, the
ABC transporters seemed ideal.

5.2 Identification of ABC transporter ORFs in M. xanthus
We identified and annotated the ABC transporter coding sequences in M.
xanthus using the following databases: pfam, COG [1], GO [2] and GenBank [3]. The
pfam families [4,5,6] used to identify ABC transporters are listed in Table 5.1. Because
the ATPase domains are highly conserved, only one pfam family was used to identify
this domain. The transmembrane helices and substrate binding domains have relatively
lower sequence similarity, therefore we used psi-blast [7,8,9] and TMHMM Server v. 2.0
[10] (http://www.cbs.dtu.dk/services/TMHMM/) to aid in the identification of permeases
and substrate-binding proteins (SBPs). Moreover, Interpro [11,12,13], another database
of protein classification, was used to complement the other databases used in this
annotation. Three additional sequences with little information in pfam, COG and GO
search were identified by Interpro search. They are located upstream or downstream of
ORFs that code for other ABC transporter subunits, and are predicted to be transcribed
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together in the same direction as those subunits. Additional information from psi-blast
and TMHMM server, as well as Interpro, indicates that they code for ABC transporter
subunits (Table 5.2). The first sequence, MXAN_0251 is identified as mammalian cell
entry (MCE) protein in pfam, which makes sense since the MCE protein was first found
in pathogen Mycobacterium tuberculosis [14,15]. As a non-pathogenic soil bacterium,
M. xanthus is unlikely to infect mammals and, according to interpro, the MCE protein
homologs in proteobacteria function as SBPs in ABC transporters. The TMHMM server
predicts that MXAN_0251 has a small intercellular part in the N-term, followed by a
single transmembrane helix that extends for most of the polypeptide chain outside of the
cytoplasm. The other two sequences, MXAN_ 4749 and MXAN_6568, with 12 and 13
transmembrane helices, respectively, are predicted to be permeases. Their closest
homologs in other bacteria are also annotated as ABC transporter permeases.
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Table 5.1 Pfam families used to identify ABC transporter coding sequences
pfam family
subunits pfam family domain
accession
PF00005
ATPase ABC_tran
FtsX
PF02687
BPD_transp_1
PF00528
ABC_membrane
PF00664
ABC2_membrane
PF01061
TM
ABC-3
PF00950
ABC2_membrane_2
PF12679
ABC2_membrane_3
PF12698
ABC2_membrane_4
PF12730
BPD_transp_2
PF02653
DUF 2074
PF09847
FecCD
PF01032
ABC2_membrane_6
PF06182
Cytochrom_C_asm
PF01578
Peripla_BP_2
PF01497
SBP*
Phosphonate-bd
PF12974
SBP_bac_1
PF01547
SBP_bac_3
PF00497
SBP_bac_5
PF00496
SBP_bac_9
PF01297
ABC_sub_bind
PF04392
OpuAC
PF04069
* SBP: substrate binding protein
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# of sequences
containing pfam
family
79
24
12
9
4
1
4
1
4
4
1
4
1
2
5
2
2
1
5
1
1
2

Table 5.2 Permeases that are identified using psi-blast and TMHMM server
# of
# of
predicted iteration in
TMHs
psi-blast
MXAN_0251 1

4

Closest
homolog

Upstream/downstream
ABC transporter ORFs

mammalian
cell entryrelated
protein
[Stigmatella
aurantiaca
DW4/3-1]

MXAN_0249, putative
ABC transporter,
permease protein;
MXAN_0250, ABC
transporter, ATP-binding
protein

MXAN_4749 12

1

putative ABC
transporter
permease
[Myxococcus
fulvus HW-1]

MXAN_4750, ABC
transporter, ATP-binding
protein

MXAN_6568 13

1

ferrichrome
ABC
transporter
permease
[M. fulvus
HW-1]

MXAN_6569, ferrichrome
ABC transporter, ATPbinding protein

In total, we identified 192 ORFs coding for ABC transporter components
(Appendix III). Among them, there are 6 sequences containing a duplicated ATPase
domain. Some ABC proteins containing tandem ATP-binding domains that function as
non-transporters [16], but this does not exclude the possibility that they might function in
ABC transporters. So we identified these 6 proteins as ABC transporter proteins, and
they will be examined and discussed together with the other ABC transporters. There
are also proteins with fused core domains: 15 containing duplicated transmembrane
helix clusters (TMCs), 12 including one ATPase domain and one TMC, and 3 containing
one TMC and one substrate binding domain. Sequences that code for subunits of the
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same transporter are more likely transcribed together, so the functional ABC transporter
complexes are predicted based on their location and transcriptional orientation. After
careful examination, 139 out of the 192 sequences were determined to be coding for 57
complete ABC transporters, including 20 importers and 37 exporters. Seven operons
consisted of genes coding for17 ABC transporter subunits express and form five
incomplete ABC transporters without ATPase, one pair of ATPases and two pairs of
transmembrane permeases. For the remaining 30 sequences, each is the only one
gene coding for ABC transporter subunits in its own operon. They code for 8 ATPases,
10 permeases and 12 substrate binding proteins. Although located apart from each
other in the genome or transcribed separately, some of the orphans and incomplete
systems could function together to accomplish transporting substrates.
Hypotheses regarding the specific functions of ABC transporters can sometimes
be made through a more detailed sequence analysis. There are 39 genes which also
code for other functional domains (Table 5.3). By examining those domains, we can
obtain additional information of the functions of ABC transporters. Some of the domains
are connected with the function as transporters, such as oligo_HPY, TOBE and
Mac_PCD. The MacB_PCD domain is located in periplasm and is found in noncanonic
ABC exporters [17]. Some of the domains are related to enzymatic function, with many
involved in substrate peptide/protein processing. One gene, MXAN_6465, contains a
Methyl-accepting chemotaxis protein (MCP) signaling domain, indicating that this ABC
transporter may be involved in signal transduction. Identification of those additional
domains may shed some additional light on the similarities and differences between the
ABC transporters in M. xanthus.
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Table 5.3 Other functional domains found in M. xanthus ABC transporter coding
sequences
pfam family
domain

pfam
accessio
n

description of target

ABC transporter ORFs
containing the domain

CBS

PF00571

CBS domains regulate the
activity of associated
enzymatic and transporter
domains in response to
binding molecules with
adenosyl groups such as
AMP and ATP.

MXAN_2249

MacB_PCD

PF12704

MacB-like periplasmic core
domain , periplsmic core for
exporter

MXAN_0107,
MXAN_0108,
MXAN_0696,
MXAN_1695,
MXAN_2268,
MXAN_2783,
MXAN_3648,
MXAN_3650,MXAN_3773
, MXAN_4173,
MXAN_4201,
MXAN_4730,
MXAN_5168,
MXAN_5419,
MXAN_6766,
MXAN_7146

MCPsignal

PF00015

Methyl-accepting chemotaxis
protein (MCP) signaling
domain

MXAN_6456

NIL

PF09383

This NJL domain is usually
found at the C-term of
ATPase domain in ABC
transporters and may be
involved in substrate binding.

MXAN_0968

NMT1

PF09084

This domain may be involved
in thimine biosynthesis

MXAN_0035,
MXAN_2831,
MXAN_5702

oligo_HPY

PF08352

Oligopeptide dipeptide
transporter, C-terminal region

MXAN_4664,
MXAN_4665,
MXAN_6553,
MXAN_6554
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Peptidase_C3
9

PF03412

Peptidase C39 family

MXAN_1789,
MXAN_2853

TOBE

PF03459

MXAN_4818,
MXAN_6643,
MXAN_7225

TOBE_2

PF08402

This domain could be involved
in the recognition of small
ligands such as molybdenum
and sulfate and is usually
found immediately after the
ATPase domain in ABC
transporters.

LGT

PF01790

Prolipoprotein diacylglyceryl
transferase (LGT) is an
enzyme integrated in
membrane and catalyzing
lipoprotein biosynthesis.

MXAN_6568

MXAN_0772,
MXAN_5377

Localization of ABC transporter coding sequences in M. xanthus genome.
The localization of ABC transporter family may be linked to its function. Usually,
components of one ABC transporter are coded by genes in the same operon [18].
Because one fully functional ABC transporter can be coded by 1-5 genes in a
bacterium, we examined the distribution of operons, rather than genes, that code for
ABC transporters. For future reference, I will call them complete/functional operon when
an operon codes for a full ABC transporter, and incomplete operon/orphan when one or
two subunits are missing from the coding operon. There is only one ORF in an orphan,
whereas there are two or more ORFs found in an incomplete operon. There are some
noticeable features when the ABC transporter coding operons are mapped on the
genome map (Figure 5.1). For complete operons, 33 are found in the (-) strand, which is
9 (about 30%) more than what are found in the (+) strand. In the region between 2 Mb
and 5 Mb, there are fewer number of complete transporters compared with other region
of the genome, with no complete exporter in the (+) strand. Among incomplete operons
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and orphans, there are 19 found in the (-) strand and 25 found in the (+) strand.
Although the operons are universally distributed through the genome, there are two
areas with a relatively higher number of complete operons for ABC transporters (Figure
5.1B). Those two regions are located at approximately 0 - 30% and 60-90% of the
genome, starting from the replication origin. Interestingly, the pattern of distribution from
incomplete operons/orphans follows the distribution of complete operons, where both of
them peak and nadir around the same region. This might be an indication of gene
duplication.

A
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distribution of functional ABC transporters
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Figure 5.1 The distribution of ABC transporters in M. xanthus genome. A) The ring
represents the whole M. xanthus genome. The blue bars in the outer ring represents the
genes transcribed in the clockwise direction (+ strand) while the gray bars in the inner
ring represents the genes transcribed in the counterclockwise direction (– strand). The
dots represent operons containing coding genes for ABC transporters. The location of
dots indicates that they are either in the + strand (outside blue ring) or in the – strand
(inside black ring). The cyan and salmon color represent full operon coding for full
functional exporters and importers, respectively. The green color represent incomplete
and ophan operons. B) The distribution of operons coding for ABC transporters in M.
xanthus genome. The x-axis represent the percentage of the genome, starting from
duplication origin (0%). The number reprent the percentage of the whole genome. The
y-axis is used to show the number of operons in every 10% of the genome.

5.3 Mutagenesis and phenotypic assay
Using homologous recombination, we were able to make interruption mutants in
180 ABC transporter subunit loci. For the remaining 12 loci, we tried mutagenesis for
three independent times. No viable colonies were obtained. Thus we call the mutations
in those 12 loci potential lethal. They will be discussed in the last section of this chapter.
Our phenotypic assays focus on three aspects of the mutants’ multicellularity:
Swarming, development, and sporulation. Those multicellular phenotypes were
examined by three assays, which measure eight quantifiable parameters: swarm
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expansion on (1) soft [0.4%] and (2) hard [1.5%] agar, (3) the time when aggregation
was observed, (4) the density of aggregates/fruiting bodies, (5) the circularity of
aggregates/fruiting bodies, (6) the number of aggregates/fruiting bodies in one area unit,
(7) the size of aggregates/fruiting bodies and (8) the sporulation efficiency when
compared to wild-type. After completing this collection of phenotypic data from the180
mutants, we were able to carry out a series of data analyses that provide new insight
into M. xanthus multicellularity.

Distribution of phenotypic data. Understanding the distribution of phenotypic
data is an essential part of understanding an organism’s phenotype. The phenotypic
data from the 180 mutants were collected and arranged from the highest to the lowest
value alongside wild-type DK1622 (Figure 5.2). The measurement for aggregation
timing is not included because it was measured at insufficient resolution and in
scattered time points. The y-axis represents the value of measurement from each
phenotypic assay. In Figure 5.2E, the value of grayness was measured under a 0-255
grayscale, with 0 as pure black and 255 as pure white [19]. In the next few sections, this
parameter will be transformed into a measurement of darkness/blackness to meet the
requirement of normality for correlation and regression assays.
The distribution of the seven phenotypes shows two important common features.
First, all the data are continuously distributed with a similar shape. Most mutants group
with wild-type in the middle of the distribution, forming a long slowly decreasing slope.
Mutants with extreme defective phenotypes are only a small portion of the overall
population. Second, wild-type does not represent the highest or lowest measurement for
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any of the phenotypic parameters; Although interesting, this feature is not unexpected,
and may simply be an indication of antagonistic pleiotropy [20]. In every case, a
number of mutants out-perform wild-type, although the range and distribution of data for
each parameter are different when normalizing; mutants sporulate at 0-270% of wildtype.; swarm expansion on 0.4% and 1.5% agar is 10-130% and 50%-125% of wildtype, respectively; number of aggregates per unit area in some mutants can rise to 4fold compared with wild-type, however those aggregates are irregularly formed and not
as compacted as wild-type aggregates.

Figure 5.2 The distribution of phenotypic data from sporulation efficiency (A),
swarm expansion on 1.5% (B) and 0.4% (C) agar, and features of aggregation size
(D), grayness (E), circularity (F) and count (G). The y-axis shows the actually
measurement from each phenotype. The light blue bars represent 180 single ABC
transporter mutants and the red bar represents wild-type DK1622. The error bars in (A)
– (F) represent standard error. The heat map below the x-axis indicates the result from
tukey’s range test and student’s t-test corresponding to the mutants in x-axis with the
middle white region representing the group with similar phenotype to DK1622. The color
key locates in the upper right corner of each panel with histogram in light blue line
representing the number of mutants in different level of phenotypic group.
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Ranking of different phenotypes. In phenotypic analysis, because the
distribution is continuous, it is always a challenge to define the threshold for an
abnormal phenotype. Using multiple range tests, we can not only identify the mutants
whose phenotypes are statistically different from wild-type, but also assign different
levels to those phenotypes.
Phenotypic parameters of all 180 mutants were identified using multiple
comparison tests including student’s t-test and Tukey's honestly significant difference
(HSD) test, except for timing of aggregation (ag_t) and number of aggregates (ag_num).
Timing of aggregation (ag_t) was not tested in a continuous manner and the number of
aggregates (ag_num) was identified using the average of DK1622 ± 3 SD. The
segregation of all these phenotypic parameters is listed in Table 5.4. Of all, the number
of aggregates (ag_num) has the lowest number of mutants that display aberrant
phenotypes. Swarm expansion on soft agar (soft) has the most, perhaps due to the
small variation among duplicates.

Table 5.4 Distribution of each phenotype parameter using Tukey’s range testa
like
wt*
< wt
> wt
a

soft
43

hard
77

sporulation ag_t**
76
145

ag_num€ ag_cir
171
87

ag_gray ag_size
51
122

126

60

79

2

57

55

27

11

43

24

7

50

74

31

(late)
35
(early)
0

: shown as number of mutant;
*wt: wild-type DK1622
**ag_t: not continuously distributed
€
: the aberrant phenotype is estimated by out of average ± 3*standard deviation
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The level of defect was defined using Tukey's HSD on 181 strains (180 mutants
and 1 wild-type), and the result formed overlapping groups. Mutants with the same
grouping were assigned to the same level. Those levels were normalized into a
universal scale of -1 to 1 to represent the most decreased to the most increased value.
Level 0 was assigned to the group containing wild-type. The result is shown in Figure
5.2 as a color coded heat map below the x-axis in each panel. The data of phenotypic
levels for 181 strains in the 7 parameters are shown in Appendix V.

Comparison of phenotypes of mutants and wild-type. In this study, we
collected phenotypic data from 180 mutant strains. In another words, for every
phenotypic parameter, there is a pool of 180 mutants and corresponding wild-type
controls. Although wild-type produces robust and reproducible phenotype, there is
variability in the wild-type control from experiment to experiment. To examine this
variability, we imagined the wild-type controls as a genetically “stable” population with a
low mutation rate, and the 180 mutant strains as separate “unstable” population with
much higher mutation rate. The point of this analysis is to compare the phenotypic
space of both populations. We are able to compare every mutant with the mean and
median of wild-type, determine where it falls relative to the range of wild-type data, and
thereby avoid the bias of comparing a mutant against a single wild-type test. We can
also compare the distribution of phenotypes of both wild-type “stable” and mutant
“unstable” populations. The accuracy of this comparison will increase as more data are
added. The basic statistics and estimated normal distribution were used for comparison
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(Figure 5.3). The blue smooth curve is the fitted kernel distribution. The comparison
revealed several features.
1) In any one phenotype, the majority of mutant strains don’t display a phenotype
that differs significantly from wild-type. This agrees with the results in the previous
section (Figure 5.2). Among the eight phenotypic parameters, the percentage of
mutants displaying aberrant phenotype ranges from 9% to 37%.
2) Like wild-type, each of the mutant phenotypes display a single bell shaped
kernel distribution.. The values of each phenotypic parameter are concentrated within a
certain range, with a low percentage of mutants on both ends.
3) The distribution of mutants has longer tails when compared to its wild-type
counterpart, indicating that some mutants display phenotypic values far exceeding the
range of wild-type. There is variation in the wild-type distribution, but some of the
mutant strains display phenotypes that are very different from wild-type.
Upon closer examination, the mutants’ phenotypic parameters can be divided
into two groups. The first group includes swarm expansion on hard agar (hard), number
of aggregates (ag_num), and circularity of aggregates (ag_cir). Except for the long tails
of bell-shaped distribution, the median, mean, peak of distribution and shape of
histograms are very similar between mutants and wild-type. This indicates that those
phenotypes are harder to impact or more subtle to detect. In contrast, the distribution of
mutant and wild-type strains in the second group is more disparate. In soft agar
expansion (soft), more of the mutants move slower than wild-type. Most mutants
expand between 15-17 mm on soft agar after three days while most of the time wildtype expands 19-21 mm. And t-test shows that the means from the two groups are
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significantly different. For aggregation size (ag_size), although the mean, median and
distribution are the similar for mutants and wild-type, most mutants have an average
aggregation size of 0.25 while wild-type have an average size of 0.35. For the number
of aggregates inside one area unit, although the median and histogram on the lower
value end are very much similar between mutants and wild-type. The kernel estimation
for mutants becomes very flat due to the very long tail in the higher value end (higher
numbers of aggregates). A similar situation appears in the measure of the aggregates’
grayness (ag_gray) and the sporulation efficiency (sp_lg), except that more mutant
strains have lower values when compared to wild-type.
A
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Figure 5.3 Comparison of phenotype distribution between mutants and wild-type
DK1622. The x-axis is the measurement of each phenotype (expansion diameter etc.).
The y-axis represents the percentage of mutant strains (for wild-type, tests) that display
certain values in each phenotype. The blue curve is the kernel estimation of the
histogram.
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Correlation among phenotypes. In some cases, mutants have more than one
aberrant phenotype. In order to explore if there is any relationship between different
phenotypic parameters, I used Pearson’s correlation coefficient to test the phenotypic
data from 180 ABC transporter mutants. The correlation analysis can tell us the trend of
one mutant show similar defect in two phenotypic parameters: when one increases,
whether the other one will be observed to increase, decrease or stay similar as wildtype.
Sixteen types of data transformation were used to test normality, and one was
chosen to be the closest to a normal distribution (described in Chapter3). Table 5.5 lists
the selected types of data transformation. During data analysis, it is noticeable that
there is large variation in the size and grayness of aggregates within one picture. The
deviation of the two phenotypic parameters is a different dimension of phenotype,
because some mutants do produce big aggregates with small ones scattered among
them. Thus the standard deviation of size and grayness were also included in the
correlation test.
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Table 5.5 Data transformation of data as shown in Figure 5.4
Original data (x)

Transformation ( Y=f[x])

Measurement of transformed
data (Y)

count

Y= x^(1/3)

cubic root of number of
aggregates

sz_ave

Y=x

average size of aggregates

sz_stdev

Y=x^(-1/2)

reverse of standard deviation
of aggregates’ size

dark

Y= x^(-1/2)

darkness of aggregates
(measures the blackness)

dk_std

Y=x^(1/2)

standard deviation of
aggregates’ blackness

cir (circularity)

Y=x^3

circularity

hard

Y=x^2

area of expansion on 1.5%
agar

soft

Y=x^2

area of expansion on 0.4%
agar

sp

Y=x^(1/2)

sporulation efficiency

Figure 5.4 shows the correlation between the 9 phenotypic parameters listed in
Table 5.5. The names of the nine parameters are listed in the diagonal panels from
upper left to lower right. The histograms below the names are kernel distributions of
transformed data. The Pearson correlation of scatter plots in the lower panels between
two parameters is shown in the red line, and they correspond to the actual values in the
upper panels. The red asterisks above Pearson correlation indicate significance level of
the test. Every phenotype has more than one correlation > 0.2 with others. Sporulation
and circularity has the lowest correlation number (3), whereas aggregation number
(count) has the highest correlation number (6). The standard deviation of darkness, as
well as the expansion on soft and hard agar has the second highest correlation (5).
Interestingly, sporulation does not correlate with reduced swarm expansion on agar.
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However, a complete loss of motility (A-S-) has been shown to significantly reduce
fruiting body sporulation due to the possibility of exchanging signal molecules [21,22].
Both types of expansion share very similar correlations, whereas the parameters of
aggregates are different from each other. Mutant strains with reduced swarm rates are
more likely to form loose, and irregular shaped aggregates with higher variation in
grayness. The size of aggregates doesn’t correlate with swarm expansion rate on either
soft or hard agar, which means that a decrease of swarming can lead to either small or
large sized aggregates. The number of aggregates (count) are negatively correlated
with size (sz_av) and swarm expansion (hard, soft), but positively correlated with
sporulation efficiency (sp). Although average size (sz_av) and darkness (dark) are
highly correlated, they share no common correlation with any other phenotypic
parameter. Average size (sz_ave) is correlated with count, standard deviation of size
(sz_std), and sporulation (sp), while average darkness (dark) is correlated with standard
deviation of darkness (dk_std) and swarm expansion rate (hard, soft). Noticeably, the
two standard deviations are correlated with each other. A high deviation in size is
correlated with a high deviation in darkness. Also, higher size deviation is correlated
with higher sporulation. Because the data is transformed, sometimes the negative
correlation for the transformed data means positive for the un-transformed data. For
example, average size is positively correlated with its standard deviation, and average
of darkness is positively correlated with its standard deviation. This correlation test can
be used in prediction of phenotypes, or in identifying mutants with abnormal
combination of pleiotropic phenotypes which would appear as an outlier in the
correlation plot.
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* The correlations shown in bold are significant with P < 0.05.
a
, spearman correlation
b
, P-value
Figure 5.4 Pearson correlation of phenotypic test. The value of Pearson correlation
is shown in the upper panels. The red asters indicate significance level: *: 0.05, **: 0.01,
***: 0.001. sz: size, av:average, std: standard deviation, dk: darkness, sp: sporulation.

Some of the correlations are consistent with previous observation in the M.
xanthus research community. For example, some mutants can form fruiting bodies but
with big elongated shape with small mounts scattered among them. Their sporulation
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rates are sometimes even higher than DK1622. Also, swarm expansion on the two
concentrations of agar is correlated if neither A- nor S- is completely defective. But this
is the first time that those observations have been proved statistically. However,
correlation doesn’t mean causation. For example, the correlation between aggregation
darkness and swarm on hard agar doesn’t mean that increased A-motility leads to
increased darkness in fruiting bodies.

Linear regression among phenotypes. The correlation test is a pairwise test
which examines if two parameters change together. In order to further explore how the
change of one phenotypic parameter is related to others, I used multiple linear
regression analysis to study their relationship.

Table 5.6 Linear regression analysis of tested phenotypes ♯, N=180
x
count

size

dark

cir

hard

soft

sp

Intercept

R
square

y=f(x)
count

-

-1.517

2.496

-

-0.001369

-0.000688

0.000108

2.886

0.3009

size

-0.09396

-

1.131

-

-0.000301

-

0.000028

0.3520

0.3844

dark

0.03008

0.2201

-

-

0.000324

-

-0.000007

-

0.3768

cir

-

-

-

-

0.0005482

0.000253

0.000025

0.1940

0.1608

hard

-20.68

-73.52

405.7

34.65

-

0.1093

-

127.9

0.3234

soft

-72.50

-

-

111.5

0.763

-

0.01369

226.5

0.2708

sp

1606

6622

-9081

1582

-

1.935

-

-2800

0.3003

♯
$

$

$

The coefficients with P < 0.05 are shown in the table.
P value between 0.05 and 0.1
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In the table, the parameters (x) in each row contribute to the changes of
dependent parameters (y). In this case, we can treat every row as a linear function. The
R square evaluates how good the linear fitting could be. This table leads to several
observations.
1) The distribution of coefficients is symmetrical to the diagonal of the table. For
example, in the first row, size contributes to count; in the second row, we can find that
count contributes to size, too. But the values of coefficients are different.
2) The expansion on soft and hard agar doesn’t agree with each other
completely, although they still contribute to each other significantly.
3) All parameters but hard agar expansion contribute to the change of
sporulation, which is different from previous analyses in which it has the lowest number
of correlations. But circularity still has the lowest number of contributors, which may be
an indication that there are more measurements needed to statistically describe the
properties of aggregates. The regression analysis also provides a way to quantitatively
estimate the change of one phenotype from the others.

Quantitative description of fruiting body development. Fruiting body
development is a complicated process which requires cell-cell coordination and is
regulated by multiple pathways. Under a microscope, these molecular pathways in the
morphology and physiology of the aggregates and fruiting bodies. A careful and
quantitative description of cell patterns during development has been performed based
on time-lapse microcinematography [23,24,25]. However, this hasn’t been applied to a
large collection of mutants.. Here, we used the four features extracted from our image
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analysis to describe the dynamics of fruiting body formation over five days. As
previously described, the four features are count, size, darkness (transformed from
grayness to make the data distribution close to normality) and circularity of aggregates.
Changes of those four features are shown in Figure 5.5. The data at each time point in
the x-axis is a collection of the 180 mutants.
For all the four features, we can see that the biggest change happens in the first
12 hour after developmental initiation. The first three features, count, size and darkness
have the largest variation around the 12th hour, while the widest range of circularity
happens around the 24th hour. The average of count and darkness hardly change after
24th hour. But the average size decreases until the 120th hour. This decreasing of size
can be at least partly explained by the fact that we are viewing a 3-dimensional process
in two dimensions. During fruiting body maturation, the dome-shaped aggregates
increase in height rather than in overall volume. However, the measurement of
grayness may not be as sensitive after the value reaches a threshold. Although the
fruiting body formation doesn’t change too much after the 24th hour, the quantitative
characterization shows that the circularity keeps increasing slightly even between the
third and the fifth day. The quantitative analysis reveals the dynamics of development
that would not be easy to discover through simple observation, and it is a quantifiable
feature that can be used to distinguish mutant strains from each other and wild-type.
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Figure 5.5 The fruiting body development over five days. The box in each time
point represents the middle 50% data with median of the 180 mutants. The two error
bars represent the top and bottom quartile. And the rectangular dots are outliers.
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5.4 Phenotypic clustering
After analyzing each phenotypic parameter, we next treated all of the parameters
as one profile to cluster the mutants. Because most of the parameters are in different
units, it is impossible to compare them directly, and so we converted the phenotypic
data to z-scores before clustering. The 180 mutants were divided into four clusters, with
84, 47, 32 and 17 mutants, respectively. Among them, the 17 mutants in cluster 4 show
the most extreme phenotypes. The clustering of the 180 mutant strains is shown in
Appedix IV.
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Figure 5.6 Clustering analysis of 180 single mutants. The dendrogram on the left is
the result from clustering analysis. The numbers on the node indicate the four clusters.

Cluster 1 and cluster 3: phenotypes similar to DK1622. These two clusters
contain 116 out of the 180 mutants (64%). In the mutated genes of cluster 1, there are
23 ATPases, 33 permeases, 21 substrate binding proteins (SBPs), 2 double ATPases
and 5 fused ATPase/permeases. In cluster 3, the mutated genes include 12 ATPases,
12 permeases, 4 SBPs, 2 double ATPases and 1 fused permease/SBP. Although they
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display phenotypes close to wild-type, those two clusters are slightly different from each
other in the pattern of phenotypes. Cluster 1 contains some mutant strains with elevated
swarm size, whereas mutant strains in cluster 3 show increased performance in
circularity, size and sporulation.

Cluster 2: a mixed group. This cluster includes strains with single mutations in
13 ATPases, 21 permeases, 6 SBPs, 3 double ATPases, 2 fused ATPase/permeases
and 2 fused permease/SBPs. In this cluster, a subgroup of about 17 mutants shows
some defective phenotypes as delayed aggregation and reduced swarm rate on both
hard and softagar. This subgroup includes mutants with insertions in 2 ATPases, 8
permeases, 2 SBPs, 2 double ATPases, 2 fused ATPase/permeases and 1 fused
permease/SBPs.

Cluster 4: mutants with aberrant phenotype. This cluster contains strains with
single mutations in 7 ATPases, 7 permeases, 1 SBPs and 2 fused ATPase/permeases.
Mutant strains in this cluster not only have defective swarming on both hard and soft
agar, but they also display delayed aggregation and form smaller, more translucent and
less circular aggregates.

5.6 Correlation between phenotype and genotype
Gene expression profiling of ABC transporters. Gene expression can also
hint whether the gene is functioning under certain conditions. In order to examine the
expression profile of ABC transporters, I used microarray data from NCBI GEO
142

database (GSE9477) and normalized them using SNOMAD
[http://pevsnerlab.kennedykrieger.org/snomadinput.html, Copyrighted (C) 2000] [26].
The normalized data were then clustered by cluster 3.0
(http://www.eisenlab.org/eisen/?page_id=42) using the average linking method and
viewed as in Figure 5.7. Except for MXAN_5747, whose expression data is missing in
the microarray, the rest of the ABC transporters can be divided into four major clusters.
The genes in the first cluster are mostly induced around 12 th to 24th hour after starvation
initiation. Genes from cluster 2 are mostly silent during starvation induced development.
Cluster 3 contains genes that are activated during the early hours (2nd – 9th) of
development. Cluster 4 includes genes that are activated both during vegetative growth
and/or through the whole development time series. The one gene at the bottom is
MXAN_5747, the gene with missing data.
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Figure 5.7 Expression profile of M. xanthus ABC transporters upon starvation.
The color scheme is shown in the upper left corner. The four clusters are numbered at
their nodes. The numbers shown on top of each column of the heat map is the hours
after starvation initiation.
The relationship between expression profile and phenotype. It is meaningful
to explore the relationship between gene expression and phenotypic clusters during the
same biological process. Six out of eight phenotypic parameters (excluding swarm
expansion) in this study are measured during starvation triggered development. The six
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parameters are aggregation number, size, darkness, circularity, timing and sporulation.
Using the six parameters, the 180 mutants are grouped into 3 clusters (dev1 – dev3,
Figure 5.8). Among them, dev3 contains 34 mutants that display defective phenotypes,
whereas dev1 and dev2 contains 146 mutants with no obvious defects. A cross
comparison between the clusters from developmental phenotypes and microarray data
revealed that the mutated genes from dev3 are enriched found in MA1 which are
activated between 12-15 hour after starvation initiation (Figure 5.9). Mutants inside this
cluster delay aggregation by 12 to 48 hours. Their aggregates can be significantly
smaller and/or irregularly shaped. Since those phenotypes were tested using fruiting
bodies from the late stage of development (120th hour), and genes in MA1 were also
induced at the late stage of development, we can see that these results are consistent
with results in chapter 4 that the expression profile is weakly related to phenotype.
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Figure 5.8 cluster analysis of developmental phenotype. The three clusters
identified by ward method are indicated on the nodes of dendrogram. ag_t: timing of
aggregation; sp: sporulation; Circ: circularity.
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Figure 5.9 Composition of clusters identified by microarray (MA). Four colors
represent the three phenotypic clusters from developmental phenotypes plus the 12
potential lethal groups. The percentage in y-axis is calculated by the number of mutants
from each phenotypic cluster divided by the total number of genes in each MA cluster.
MA: microarray. pl: potential lethal.
The relationship between co-inheritance and phenotype. There is a
hypothesis that if a group of genes are inherited together from ancestors to
descendants across phylogenomic space, it might be because they function together in
the cell. This might also cause a clustering of phenotypes. A coinheritance map for M.
xanthus has been built in 2005 [27] and updated in 2009 (Garret Suen, personal
communication). Figure 5.10A shows the coinheritance map of the whole M. xanthus
genome as mountains and the location of 192 ABC transporter coding genes as dots
with different color. According to this hypothesis, ABC transporters are likely involved in
almost every functional pathway/networks. And genes whose mutants are in the same
phenotypic cluster also scatter in different mountains in the map. Figure 5.10B is a
closer look of four mountains. Those four mountains contain not only high density of
ABC transporter coding genes, but also a high density of the genes’ mutants that
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display defective phenotypes (i.e. phenotype cluster 2, 4 and 5). Analyzing genes in
those mountains can help us to identify possible pathways for those ABC transporters.
Table 5.7A-D lists the dominant COG number of four mountains from Figure 5.10B. The
capital letters after the COG number indicate their functional category, which is listed in
Table 5.7 E. Among them, mountain 1 is the largest mountain, which contains genes
involved in signal transduction. At least half of the proteins from this mountain belong to
two component transduction system. There are 19 ABC transporter coding genes in this
mountain, one of which is a potential lethal, and four of which have defective
phenotypes. Mountain 2 is the only one of the four that has a high number of ABC
transporter proteins, but only one with a defective phenotype. It is a cluster of proteins
participating in the biosynthesis, transport and catabolism of secondary metabolites. Out
of the 209 proteins, there are 23 ABC transporter coding sequences, with only one
displaying a defective phenotype. Mountain 3 has the most potential lethal genes (5).
Eighteen ABC transporter proteins were found in this mountain, and more than half of
the genes in this mountain code for two component systems. Mountain 4 is the smallest
of the four (46 genes). But the percentage of ABC transporter coding sequences is the
highest (20/46), which are likely involved in metabolism with other genes in this
mountain. Five ABC transporter mutants display abnormal phenotypes in this mountain.
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Figure 5.10 Distribution of ABC transporter coding genes in M. xanthus
coinheritance map. (A)The bird’s eye view of the whole M. xanthus genome. Each
mountain contains genes that may be co-inherited together. The dots represent the
ABC transporter subunit coding genes with color indicating different phenotypic clusters
of their mutants. white, phenotypic cluster 1; green, phenotype cluster 2; blue,
phenotype cluster 3; yellow, phenotype cluster 4; cyan, potential lethal genes. (B) Four
selected mountains that contain high number of ABC transporters. The area is enlarged
and turned for -90° from the yellow frame in (A).
Table 5.7 The dominant COG number in the four mountains
A. Mountain 1, 265 genes, 149 different COGs
mount1_COG

Count

Protein function

COG0642T

63

Signal transduction histidine kinase

COG0784T

29

FOG: CheY-like receiver

COG2199T

10

FOG: GGDEF domain

COG3706T

10

Response regulator containing a CheY-like receiver domain and a GGDEF
domain

COG0745TK

9

Response regulators consisting of a CheY-like receiver domain and a
winged-helix DNA-binding domain

B. Mountain 2, 208 genes, 129 different COGs
mount2_COG

Count

Protein function

COG1020Q

30

Non-ribosomal peptide synthetase modules and related proteins

COG0318IQ

12

Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases II

COG1028IQR

9

Dehydrogenases with different specificities (related to short-chain alcohol
dehydrogenases)

COG3321Q

9

Polyketide synthase modules and related proteins

C. Mountain 3, 189 genes, 89 different COGs
mount3_COG

Count

Protein function

COG0642T

53

Signal transduction histidine kinase

COG0784T

25

FOG: CheY-like receiver

COG0745TK

22

Response regulators consisting of a CheY-like receiver domain and a
winged-helix DNA-binding domain

COG2202T

14

FOG: PAS/PAC domain
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D. Mountain 4, 46 genes, 38 different COGs
Mount4_COG

Count

Protein function

COG0737F

8

5'-nucleotidase/2',3'-cyclic phosphodiesterase and related esterases

COG0444EP

2

ABC-type dipeptide/oligopeptide/nickel transport system, ATPase
component

COG1135P

2

ABC-type metal ion transport system, ATPase component

COG1173EP

2

ABC-type dipeptide/oligopeptide/nickel transport systems, permease
components

E. Functional categories of dominant COGs in the four mountains
Code

Function category

Description

T

Cellular processes and signaling

Signal transduction mechanisms

K

Information storage and processing

Transcription

Q

Metabolism

Secondary metabolites biosynthesis, transport and catabolism

I

Metabolism

Lipid transport and metabolism

F

Metabolism

Nucleotide transport and metabolism

E

Metabolism

Amino acid transport and metabolism

P

Metabolism

Inorganic ion transport and metabolism

E

Metabolism

Amino acid transport and metabolism

P

Metabolism

Inorganic ion transport and metabolism

R

Poorlycharacterized

General function prediction only

The relationship between genotype and phenotype. If close sequence
homology relates to a similar molecular (and perhaps cellular) function, then it is
reasonable to hypothesize that mutant strains with disrupted genes sharing the closest
homology may display the most similar phenotypic profiles. If this is true, the genes
whose mutants from the same phenotypic cluster should be the closest homolog to the
ones from the same cluster. In order to test this theory, blastp was used to find out the
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closest homolog inside and outside M. xanthus genome. The closest homolog of most
ABC transporter proteins other than M. xanthus genome were mostly found in
Myxococcus fulvus, a recently sequenced myxobacteria.
Inside M. xanthus genome, 148 out of 192 ABC transporter coding genes turned
out to have the closest homologs among themselves, 16 have the closest homolog
coding for non ABC transporter subunits. The rest of them do not have a homolog in M.
xanthus with a cutoff e-value of 1e-5. The composition of phenotypic clusters from the
closest homologs is shown in Figure 5.11. Each color represents a phenotypic cluster
where the closest homolog is found. None of the five phenotypic clusters (x-axis)
display the feature as hypothesized. However, the homologs from cluster 4 and
potential lethal do have a higher percentage of its own compared to other clusters.
Although displaying the most severe defects, the closest homolog in cluster 4 doesn’t
contain any potential lethal genes. Cluster 1 and 4 contain highest percentage of genes
that do not have a homolog inside the genome. Clusters 2 and 3 contain highest
percentage of genes whose closest homolog doesn’t code for an ABC transporter
subunit. In the potential lethal group, MXAN_4789 and MXAN_4790 are the closest
homologs to each other. The closest homologs of the 192 ABC transporter coding
genes can be found in Appendix IV.
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Figure 5.11 Composition of phenotypes of the closest M. xanthus homolog in
each phenotype cluster. The y-axis represents the percentage of each colored
category. “NA” means that no homolog is found in M. xanthus with e-value lower than
1e-5. “non ABC” means that homolog is not ABC transporter. The “h” in front of each
color key indicates that it is the composition from the closest homolog.

5.7 Discussion
high-throughput phenotyping for M. xanthus. In chapter 3, we introduced
high-throughput phenotypic screening using 96-well plates in microbes such as yeast
and Pseudomonas aeruginosa. However, this type of assay has limited application in M.
xanthus. M. xanthus cells won’t be able to grow in liquid culture without rigorous
shaking. And their colonies can swarm beyond the single well in 96-well plates. Also,
the multicellularity, especially during development, requires a threshold number of cells
and is time-dependent. Therefore we still need to characterize each mutant strain
individually.
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Potential polar effects. Homologous recombination is a standard method widely
used for genetic disruption. Compared to previous mutagenesis techniques like
transposon transduction, homologous recombination directly targets the gene of
interest, and produces mutants with high efficiency. But like many other techniques,
there are considerations and limitations. Polar effects have been raised as a concern,
which could interfere with the expression of downstream genes by early translational
termination when the upstream gene in an operon is disrupted. One of the earliest polar
effect was observed in trp operon in Escherichia coli, where the expression of trpB was
affected by mutation in the upstream trp genes [28]. However, there has been no report
on polar effect in M. xanthus mutants generated by plasmid insertion. In our cluster
analysis, there are 34 mutants displaying the most severe phenotype, and 12 that are
potential lethal. Using an operon prediction database, those 46 genes belong to 32
operons [29]. Among them, 5 are the first gene in the predicted operon, 24 are in the
middle of an operon, 10 are the last gene in an operon, and 7 are in an operon by itself.
There are 3 genes that are last in an operon whose mutation displays the most severly
defective phenotype among the genes from the same operon, thus the phenotype in
those 3 genes cannot be entirely attributed to a polar effect.
An alternative method for targeted mutagenesis is in-frame deletion. However,
this raises the possibility of deleting regulatory sequences that would also alter
transcription. Until there is a rigorous comparison of the effects of insertion-disruption
and in-frame deletion methods in M. xanthus, both of them will be used in our
mutagenesis.
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Polar effects can be examined by rescue experiments. If the phenotype from
insertion in the first gene of operon cannot be rescued by a copy of itself in another
place of genome, then the defect may be due to polar effect. In addition, a plasmid
isolated from M. fulvus 124B02 was found to be able to autonomously replicate in M.
xanthus [30]. If this plasmid becomes stable and amenable to modification, it may make
the rescue experiments easier and more efficient.

Potential lethal mutations. This group includes 12 genes (Table 5.8), whose
length ranges from 675 bp to 2730 bp. After three independent attempts, no viable
colonies were obtained. For four of them (MXAN_4730, MXAN_4788, MXAN_4789,
MXAN_4791), we tried four different pairs of primers. For this reason, we refer to the
mutations in those 12 loci as potential lethals. The 12 genes are located in the genome
as 1 orphan and 7 complete operons. These genes are not necessarily essential; the
reason why it is hard to disrupt these 12 genes may purely due to a complex secondary
structure or protein binding that makes them more resistant to homologous
recombination. The verification of essential genes could be done by gene
complementation. If cells become viable only when one copy of the gene is inserted in
phage attachment site after the original copy is deleted, then it is called an essential
gene. However, the function of ABC transporters coded by those genes could be
deduced from their sequence and neighboring genes.
Four genes out of the twelve code for the only importer for inorganic phosphate
(MXAN_4788 - MXAN_4791). This ABC transporter is located downstream of the
phoP4 gene, which codes for a response regulator of the two component system [31].
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The expression of MXAN_4788 and MXAN_4791 are highly elevated after 48 h and 60
h into development [31].
There are three genes coding for two fully functional exporters. MXAN_0748 is a
fused protein with both an ATPase and a TMC as a half-transporter. Although it is
surrounded by many hypothetical proteins, three downstream genes, serine/threonine
protein kinase Pkn9 (MXAN_0755), response regulator (MXAN_0763), and M24 family
peptidase (MXAN_0764), hint that this ABC transporter may function in signal
transduction. Another ABC transporter, formed by MXAN_4729 and MXAN_4730, is
close to the LolC/E family lipoprotein releasing system, the transmembrane protein
(MXAN_4730), and the OmpH family outer membrane protein chaperon (MXAN_4727),
which makes it possible that this transporter functions in protein secretion.
The only orphan (MXAN_1060, ATPase), is located next to RNA polymerase
sigma-54 factor (MXAN_1061) as well as genes related to lipopolysaccharide synthesis
(MXAN_1052: O-antigen polymerase, MXAN_1057: lipid A biosynthesis
acyltransferase, MXAN_1062: acetyltransferase, MXAN_1063: lipoprotein). Although
no functional partner has been identified, this ABC transporter may be involved in outer
membrane biosynthesis.
There are also four sequences coding for subunits within a complete operon but
none of them are the first gene in the predicted operon. All four of them belong to
predicted exporters. MXAN_1789 codes for a half-transporter, as does its potential
partner MXAN_1790. They are located in the same operon with two other genes, HlyD
family secretion protein (MXAN_1788) and an outer membrane efflux protein
(MXAN_1791), which indicates that this ABC transporter could function in protein
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secretion. For the rest three potential lethals, ATPase MXAN_5699 is located close to
one sensor protein kinase (MXAN_5704) and one serine/threonine protein kinase
(MXAN_5696). The permease MXAN_6403 with its ATPase MXAN_6402 is located
close to a fatty acid synthesis cluster (MXAN_6392 - MXAN_6401). ATPase
MXAN_7145, with another ATPase MXAN_7144 and a transmembrane permease
MXAN_7146, is located close to sensory box histidine kinase (MXAN_7142) and Fis
family transcriptional regulator (MXAN_7143). The Fis protein in E. coli has been found
to activate the antibiotic resistance operon marRAB [32]. Insertion in either one of the
flanking genes results in an extreme phenotypicdefect. Taken together, these three
ABC transporters, together with MXAN_5699, MXAN_6403 and MXAN_7145, may be
involved in signal transduction, secondary metabolite secretion and antibiotic
resistance, respectively.
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Table 5.8 Potential essential ABC transporter genes
Strand

Size
(bp)

Function

MXAN_0748

-

1764

exporter, ATPase and permease
components

MXAN_1060

+

744

ATPase, orphan

MXAN_1789

+

2730

exporter, ATPase and permease
components

675

exporter, ATPase

2370

permease

822

Substrate-binding protein

999

permease

912

permease

744

ATPase

MXAN_4729
MXAN_4730

-

MXAN_4788
MXAN_4789
MXAN_4790

+

MXAN_4791

Any ABC transporter
partners

MXAN_1790, ATPase and
permease

MXAN_5699

-

702

exporter, ATPase

MXAN_5698, permease

MXAN_6403

+

1227

exporter, permease

MXAN_6402, ATPase

MXAN_7145

-

717

exporter, ATPase

MXAN_7144, ATPase
MXAN_7146, permease

Distribution of ABC transporter coding genes related to phenotype. The
biological significance of M. xanthus genome organization remains an intriguing
question. In Figure 5.1, I have shown the distribution of ABC transporters in the whole
M. xanthus genome. From our phenotypic cluster analysis, we know that genes in
cluster 2 and 4 produce defective phenotypes. Here, we counted the number of ABC
transporter coding genes from those two clusters and plotted them to every 10% of M.
xanthus genome. Generally, the number of genes from those two clusters is
proportional to the number of the total ABC OFRs in each 10% section. The potential
lethal genes are also found in most sections of the genome. Between 64-66% of the
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genome, there are six ORFs from two transporters that are potential lethals, which is
half of the number of potential lethal ABC coding genes.
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# of ORFs
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10

lethal
all

5
0

location in genome

Figure 5.12 The distribution of genes with defected phenotype. The percentage in
x-axis represents every 10 percent of the genome. The y axis shows the number of
ORFs found in each of the 10 percent fractions.

Parameter extraction and data collection. In this study, we aim to present a
quantitative phenotypic profile for M. xanthus that includes phenotypic elements
previously described qualitatively. The four parameters for aggregates/fruiting bodies
describe the most obvious features: size, darkness, number per unit and shape
(circularity). By doing this, defects in fruiting body formation can be better categorized
and much more easily compared between mutant strains. By applying this degree of
quantitative rigor, the previously hidden dynamics of fruiting body development
becomes measurable. The more data we collect and the more parameters we extract,
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the more we will understand development and the impact of mutation. The more we
know about phenotypes, the more accurate we will be able to build interaction networks
based on mutant characterization.

Phenotypic study of ABC transporters. For the first time in M. xanthus, we
statistically established connections among traits from different phases of its life cycle.
Some of these phenotypes are 3-dimensional, and so we still must make assumptions
regarding their quantification. These phenotypes include the size and darkness of
fruiting bodies. Thus, expanding our measurements to the 3 rd dimension will permit us
to more accurately measure the phenotype of mutant strains.
The distribution of phenotypes from the 180 single mutants is just a subset of the
M. xanthus phenomic landscape. We observed some features that were similar to other
genome-wide G2P study. The first one is that the majority of mutants display phenotype
that is similar to wild-type. In Figure 5.2, the average value from each mutant drops
slowly in a long middle region but faster in one or both ends. Although most of them
don’t produce severe defects, they are slightly different from wild-type. The genes that
don’t display abnormal phenotypes in development or swarm expansion may function in
other behaviors, such as predation or environmental stress. Slight differences observed
in one phenotypic parameter may not have much significance, but the accumulation of
multiple phenotypes may reveal clusters and possible pathways for the targeted gene,
as well as possible interactions among pathways.
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G2P correlation. In this study, I made several attempts to link genotype to
phenotype. Our analysis for the closest homologous sequence revealed that the
mutants with extreme phenotypes are more likely to have their closest homologs in the
same phenotypic cluster, which provides some support for the hypothesis that
mutations of genes with similar sequences may cause similar phenotypes. However, no
clear pattern has been observed in the relationship between sequence distance and
phenotypic dissimilarity (data not shown). We therefore conclude that the comparison of
genotype and phenotype is complicated, and cannot be reduced to a simple linear
relationship. Certain functional regions or binding sites may be used for future analysis,
but this will require a more comprehensive biological understanding of the ABC
transporter subunits. In the meantime, the diversity of sequences from transmembrane
helices makes it difficult to identify functional residues based on sequence homology.
As more crystal structures become available, the prediction based on 3D structure may
be improved.
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Chapter 6 Conclusion and Future Directions
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6.1 Introduction
Investigations into the relationship between single gene variants and phenotype
is an important step toward addressing one of the current challenges in biology: the
prediction and forward engineering of phenotype. As genotype defines the phenotype in
nature, both are continually shaped by environmental factors (Figure 6.1). With model
organisms maintained under laboratory conditions, we are able to control environmental
stress and use it to study this G2P problem. For my research projects, I have explored
this problem from both ends, identifying genes that contribute to multicelluarity, and
deciphering the phenotypes from a group of mutants. In this chapter, I will summarize
how those approaches and their results contribute to the field of prokaryotic
multicellularity, and then I will discuss what future directions can be derived.

165

Figure 6.1 The mutual influence between genotype and phenotype and the tuning
by the environment. As genotype and phenotype can impact each other, the change of
external environment can also affect the outcome of those two processes. The change
of genotype brought by environment is a slower and more gradual evolution comparing
to the change of phenotype, which could be due to the direct activation or deactivation
of certain RNA/protein.

6. 2 Identification of novel pathways
One of our hypotheses is that organisms sharing similar physiological process
may also share similar molecular pathways. This hypothesis may sound arbitrary, but it
serves as starting point for many research projects. As sporulation is more often found
in Gram-positive bacteria, we used B. subtilis as an analog and identified a ClpC protein
in M. xanthus genome. ClpC not only functions as a chaperone, but also can assemble
into protease with components including ClpP from B. subtilis. I successfully
demonstrated that the ClpC protein in M. xanthus is important for motility, development
and spore resistance, and it can work as a molecular chaperone in vitro. By establishing
this connection between ClpC orthologs in B. subtilis and M. xanthus, we may now
reasonably hypothesize that the whole pathway shares similarities between the two
organisms [1] .
Another major challenge in predicting molecular function is that about half the
genes in a genome code for hypothetical proteins. One way to connect those scattered
pieces together is to build a network based on their expression profile. A subsequent
phenotypic analysis would provide us the first hint of their cellular function. In my study,
I demonstrated that expression profiles do correlate with phenotype profiles in M.
xanthus. In the following protein contents comparison, one protein, with other two
identified hypothetical proteins, was found to be essential for myxospore resistance as
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well as ultra-structure. This study also deepened our understanding of how different
components of ultra-structure contribute to spore resistance [1].

6.3 M. xanthus phenome
Phenomics is now defined as “the acquisition of high-dimensional phenotypic
data on an organism-wide scale” [2]. In other words, a phenome is more than a simple
collection of phenotypic data. It also requires an understanding of how different
phenotypes are linked to each other as well as to genotype. A couple of representative
phenome projects have been reviewed in Houle et al [2] that include human and mouse,
among others. Like the other model organisms, the M. xanthus research community
has developed a set of nearly “standard” assays for mutant characterization. Although
these assays are widely used, they have changed and evolved over time, so that every
laboratory does them slightly differently. It is hard to make direct inter-laboratory
comparisons of raw data due to the lack of rigorous protocol and analysis standards,
and universal definitions for wild-type and mutant phenotypes.
This failure to rigorously and reproducibly classify M. xanthus mutant strains
makes identifying pathways and networks more difficult. Although the data collected in
the final project (Chapter 5) is much smaller than the size of a human phenome, it is the
first systems study of phenotypic profiles in M. xanthus. The approaches for data
extraction and analysis used in this project bear the potential for inter-laboratory data
analysis, and this process may be automated; it is the opportunity to compare data
across the research community. Also, the availability of 180 mutant strains, and their
phenotype profiles represents a large increase in the single mutant strain collection for
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M. xanthus. Perhaps more specific assays can be performed on these mutants, based
on the predicted substrates of each ABC transporter This would further extend our
understanding of M. xanthus physiology.

6.4 Molecular function of ABC transporters: subunit interaction and cross
talking
Although the study of ABC transporters remains one of the most frequently
published topics, the working mechanism of this substrate-translocation system is not
completely uncovered. The interaction sites between subunits and the control of
substrate specificity remain unknown. The phenotypic data for the single gene mutant
strains also shows that cross talk among subunits from different ABC transporters is
highly plausible. The evidence for this is indirect, but difficult to interpret in another way.
The most obvious example of this evidence is that, in operons where mutation of one
subunit produces a putative lethal, plasmid insertion in the other subunits are not
putative lethal. Additional experimental tools, such as double insertions or whole operon
deletions, would be an appropriate next step toward determining if an ABC transporter
is essential for certain phenotype, but it can’t identify possible compensatory subunits or
working partner for orphan subunits.
A straightforward way to look for interaction sites between two domains or
proteins is to examine the 3-dimension structure. However, it is hard and slow to obtain
X-ray or NMR images for proteins. Also, the interaction sites between proteins can be
dynamic, which is hard to explore with only one or few static structures. Different
residues can be re-orientated by the conformational change triggered by the binding
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and releasing of different substrates. Many examples can be found in ABC transporters,
such as the anchoring of a periplasmic substrate-binding protein to the transmembrane
channel, and the dimerization of two NBDs upon ATP binding [3]. In a molybdate ABC
transporter (ModB2C2) from A. fulgidus, the binding of ATP could drive the outwardfacing transmembrane helices into inward-facing orientation [4] upon the probable
receiving of substrates. Sequence analysis could hugely facilitate the recognition of
interaction sites as more genome sequences become available.
Putative interaction sites between subunits can also be identified by coevolution
analysis of amino acid residues. Coevolution initially describes the reciprocal evolution
among species such as host-parasite, predator-prey and symbiosis [5]. The concept
has been extended to the molecular level, in that nucleotides or proteins coevolve
together to maintain function within a group. Specifically, coevolution occurs among
amino acid residues; when one amino acid is mutated, a second amino acid mutates to
rescue the lost function. The most direct example is the atomic contact sites between
two physically interacting proteins. The covariance between two residues “i" and “j” in
one protein (Cij) [6,7,8] can be decomposed into several factors. The first factor is
Cphylogeny [9], the correlation between amino acids caused by evolutionary history [7,8].
In this case, the correlated amino acid pair could be due to an early duplication. No
matter how the protein sequence evolves, some amino acid pairs maintain a low
mutation rate. Cstructure and Cfunction are due to the selection forces that maintain specific
protein structures or functions [7,8]. For example, if an asparagine residue inside a
catalytic pocket is mutated into lysine, in order to have enough space to fit in the
substrate residue, some other close residues with a big side chain may mutate to one
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with a smaller side chain. Also, change of some residues that are important for protein
folding may need a second change to keep proper conformation so that the functional
domain can work properly. Cinteraction includes either direct or indirect factors that can
affect the interaction between two domains or proteins. These residues might influence
the function and/or structure. The last factor, Cstochastic, is the sum of the relationships
that do not fit any existing model or explanation, so there is no need for elaboration.
Csturcture, Cfunction and Cinteraction are sometimes dependant on each other and statistically
indistinguishable. The interaction group (Cinteraction) is the most studied, and sometimes
includes the other two factors (i.e. structure and function).
Several algorithms that depend on multi-sequence alignments (MSAs) have been
developed to study coevolution. Gobel et al. used correlation of mutation between two
sites to predict coevolving amino acid residues in eleven protein families [10] with an
accuracy of 37-68%. They also found that protein families of a smaller size obtain better
predictions. Mutual information (MI) is a measurement of mutation dependency between
any two residues inside an alignment [11,12]. By some bootstrapping or background
randomization it can reduce the impact of phylogeny [12], but it is still difficult to
differentiate the covariance caused by function and structure. Burger and Nimwegen
used a Bayesian method to build the interaction network for bacterial two component
systems and polyketide synthases [13]. In their work, they used the predicted interaction
motif instead of the whole protein sequence. The result showed that most of the
proteins only have a few potential partners, while 10% of orphans act as a hub for more
than ten interaction proteins. While most of the methods use protein sequences to test
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coevolution, Clark and Aquadro used nucleotide sequences to estimate the correlation
of mutation [14]. They verified their method using Drosophila nuclear pore proteins.
No matter what method is used, the results need to be ultimately verified using
molecular and biochemical experiments, In 2008, Skerker et al. identified interaction
sites between histidine kinases and response regulators in bacterial two-component
systems. Some of the interaction sites were verified with biochemical binding assays in
vitro and in vivo [15]. With transcriptional and phenotypic profiling, the identified
interactions can also be verified biologically.

6.5 Final conclusion
One of the central themes in this dissertation is to explore the phenotypic
landscape of M. xanthus population with single mutations, which ultimately contributes
to the understanding of the G2P problem. This type of study was made possible by the
sequencing of the M. xathus genome. Compared to genetic variations, quantification
and classification of phenotypic data is a major challenge in biological research. Much
of the work here is achieved by the integration of bioinformatics, genetics and statistics.
We were able to extract quantitative features from microscopic images and more
accurately describe fruiting body development. We also managed to use all of collected
data to study M. xanthus mutlicellualrity, rather than just the most extreme mutant
phenotypes. Although these data come from mutants that display little or no defects,,
they nevertheless represent a significant fraction of the data distribution, and their
collective analysis reveals how single gene variation can contribute to the change of
phenotype. With further development of phenome, the dimension of phenotypes may
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increase quickly. Some of the work here is our first step toward systematic data
quantification and categorization to make the phenome useful not only for one lab, but
for the whole research community.
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Appendix I Strains and plasmids used in the work for Chapter 4
Strains/ plasmids/primers Relevant characteristic(s)

Sources/Referen
ces

Strains
DK1622

wild type development

[1]

DK1218

DK1622, tgl (A-S+)

[2]

DK1253

DK1622, cglB, (A+S-)

[2]

DK1622::pJY3

Strain with pJY3 inserted at the MXAN_4832
locus

this study

∆4832

MXAN_4832 in-frame deletion

this study

RW10210

DK1622 with plasmid insertion at pilI locus

unpublished data

Plasmids
pCR2.1-TOPO

Kanr

Invitrogen

pBJ114

Kanr, galK

[3]

pGEX-4T-3

Ampr, GST tag, Thrombin cleavage site

GE Healthcare

pJY1

pCR2.1-TOPO with a 4,602 bp fragment containing
MXAN_4832 gene and 2 kb flanking areas

this study

pJY2

pBJ114 with MXAN_4832 gene with 2 kb flanking areas this study

pJY3

pJY2 with elimination of internal 2343 bp of MXAN_4832 this study

pJY4

MXAN_4832 whole gene in pGEX-4T-3

this study

pJY5

MXAN_1365 internal fragement in pCR2.1-TOPO

This study

pJY6

MXAN_0821 internal fragement in pCR2.1-TOPO

This study

pJY7

MXAN_5820 internal fragement in pCR2.1-TOPO

This study

pJY8

MXAN_7025 internal fragement in pCR2.1-TOPO

This study

pJY9

MXAN_1671 internal fragement in pCR2.1-TOPO

This study

pJY10

MXAN_3153 internal fragement in pCR2.1-TOPO

This study

pJY11

MXAN_1141 internal fragement in pCR2.1-TOPO

This study

pJY12

MXAN_6610 internal fragement in pCR2.1-TOPO

This study

pJY14

MXAN_3060 internal fragement in pCR2.1-TOPO

This study

pJY15

MXAN_6967 internal fragement in pCR2.1-TOPO

This study

pJY16

MXAN_4754 internal fragement in pCR2.1-TOPO

This study
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pJY17

MXAN_6003 internal fragement in pCR2.1-TOPO

This study

pJY18

MXAN_4738 internal fragement in pCR2.1-TOPO

This study

pJY19

MXAN_0559 internal fragement in pCR2.1-TOPO

This study

pJY20

MXAN_6038 internal fragement in pCR2.1-TOPO

This study

pJY21

MXAN_2193 internal fragement in pCR2.1-TOPO

This study

pJY22

MXAN_1525 internal fragement in pCR2.1-TOPO

This study

pJY23

MXAN_4480 internal fragement in pCR2.1-TOPO

This study

pJY24

MXAN_0001 internal fragement in pCR2.1-TOPO

This study

pJY25

MXAN_0179 internal fragement in pCR2.1-TOPO

This study

pJY26

MXAN_3468 internal fragement in pCR2.1-TOPO

This study

pJY27

MXAN_4958 internal fragement in pCR2.1-TOPO

This study

pJY28

MXAN_6693 internal fragement in pCR2.1-TOPO

This study

pJY29

MXAN_1228 internal fragement in pCR2.1-TOPO

This study

pJY33

MXAN_6457 internal fragement in pCR2.1-TOPO

This study

pJY34

MXAN_6671 internal fragement in pCR2.1-TOPO

This study
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Appendix II Primers for making insertion mutants for Chapter 4
Primers
OAG352
OAG353

Sequence (5’-3’)
TTC GTG CCC ACC AGC TAC TAC C
TCT TGC TGA GCA GGT TGT TGC G

Target gene
MXAN_1365

OAG354
OAG355

GTG CGG CTC ATC ATC ACC ATC G
CTT CAG CTC CTC CTT CGT CTG G

MXAN_0821

OAG358
OAG359

CTC TTC GCC CTC TTC ACG GAC C
CCA GCA CTT CGT CCT CCG AGA G

MXAN_5820

OAG364
OAG365

GCG TGA ACA AAG CTG GCG AGC G
GGA TGG ACA CAT CGA AGG TGC C

MXAN_7025

OAG372
OAG373

TGA GAA CAT CCC CGA GGA CGA C
GTG GAC GAC GTG TAG TAG TCC G

MXAN_1671

OAG374
OAG375

GAG AAA ACC GAC GTC CAA CCC C
CCC ACC TTG CTG CCT GGT AGT G

MXAN_3153

OAG376
OAG377

GCG TTA GCC AGT GAG GGA AAA C
CTT GAT TTC CTC GCA CAC CAC C

MXAN_1141

OAG378
OAG379

CTC CTC ATC TCC CTC TTC AGC C
GGT GCT CTT GAC GAT TTG CAC C

MXAN_6610

OAG384
OAG385

AGT CTG AAC TTC GTG GGA GGG C
CTT CAC CGC CAG ACT GAT CTC C

MXAN_3060

OAG388
OAG389

CGT GAG GAC TCA ACG CTC CAG G
ACG CGA TGC GGA CTG ACT CCT C

MXAN_6967

OAG390
OAG391

GGC GTT CTG GAG ATT CTC ATC G
CTG AAG CAG CGT CAA CCC TTC C

MXAN_4754

OAG392
OAG393

TCC TGG TCG CAC ATG ATT TCC G
TGC CGA TGA GGT CCC CGA TTT C

MXAN_6003

OAG394
OAG395

TGC GGC AAC CAG AAC GAA AAC C
CAG GTA GGG ATT CAC CTT CTC C

MXAN_4738

OAG396
OAG397

CCC TCA CTC CAC CTT AAG CAG G
GGT CCA GCT CCC AAC CAT TCA C

MXAN_0559
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OAG400
OAG401

CAA GGT GAC GGA GCT GAA GAC G
AGC TTC TGC TCG GTC TGC TCC C

MXAN_6038

OAG402
OAG403

CTG GAG CAC GGA CAG CAC GTT G
CCC GAG GAA GAT CAC CAA CAC G

MXAN_2193

OAG404
OAG405

GAA CTC ACC ATT GGG CGG GAT C
CTT GAT GGA CTG GGC CAA CTC C

MXAN_1525

OAG408
OAG409

AGA TGC GGC AGG AAG GGC GTT C
GTT GCT CCT CGT CCA TCT TTC G

MXAN_4480

OAG410
OAG411

CGC CAG GAG AAG TTC GAC TAC G
ACT GCT CGC TGG AGA GGA ACA C

MXAN_0001

OAG412
OAG413

TAT ACG TAC CTC CTG GCC GAC G
TGT GCT GCT TCT CCT CGC CCA C

MXAN_0179

OAG414
OAG415

CTG AAA GGC ATC GTC CCG AAC G
TGA AGT CCA CGC AGC TCT TCG C

MXAN_3468

OAG416
OAG417

CTC CTC AAG AGC CTC GAC ATC G
GAA CTT CAG CGG CTG TTC GGT G

MXAN_4958

OAG420
OAG421

AGG ACA TCT TTG CGT CTG GGG G
CCG GAA CGG CTT GAC GAT GAA G

MXAN_6693

OAG426
OAG427

CCG TGT CTT CCT GCC ATT CGT C
CGG GTT TGC TGC ACG CCA CTT C

MXAN_1228

OAG434
OAG435

GAG GGA ATG CTG CTG TTG TCA G
GTC TTC CGA GAC GAG CAA TAC C

MXAN_6457

OAG436
OAG437

GAA GGC AAG AAG GCC ATT GGC G
GTC CAG CCC GTT GTT GGA TTC C

MXAN_6671
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Appendix III Identified ABC transporters in M. xanthus , their phenotypic group and blastp results
*pl: insertion in those genes are potential lethal; ** NA: no homolog with E-value less than 1e-5 has been found in M.
xanthus.
ID

phenotypic
clusters

blastp results against non-redundant protein
sequences (excluding M. xanthus)

closest homolog

e-value

closest
homolog in
myxo

cluster
of
homolog

e-value

MXAN_0035

2

aliphatic sulfonate ABC transporter substratebinding protein

M. fulvus HW-1

0

MXAN_2847

NA**

0.68

MXAN_0036

1

putative aliphatic sulfonates ABC transporter
permease

M. fulvus HW-1

0

MXAN_6569

4

1E-12

MXAN_0037

4

putative aliphatic sulfonates ABC transporter ATPbinding protein

M. fulvus HW-1

4E-179

MXAN_2833

3

2e-49

MXAN_0107

2

putative ABC transporter permease

M. fulvus HW-1

0

MXAN_4173

2

1e-171

MXAN_0108

4

putative ABC transporter permease

M. fulvus HW-1

0

MXAN_4172

1

8e-139

MXAN_0249

1

putative ABC transporter permease

M. fulvus HW-1

1E-168

MXAN_3717

4

7E-44

MXAN_0250

2

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_3718

2

2e-74

MXAN_0251

3

Mce family protein

M. fulvus HW-1

0

MXAN_3719

2

2E-07

MXAN_0553

1

ABC transporter permease

M. fulvus HW-1

4e-169

MXAN_5316

2

2E-10

MXAN_0554

1

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_1597

1

9e-55

MXAN_0559

2

putative ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_2407

1

7e-121

MXAN_0596

1

ABC transporter ATP-binding protein

M. fulvus HW-1

2e-150

MXAN_4818

2

9e-51

MXAN_0597

3

glycine betaine/L-proline ABC transporter
permease and substrate-binding protein

M. fulvus HW-1

0

MXAN_2250

1

2e-20

MXAN_0622

2

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_3339

3

9e-123

MXAN_0629

1

ABC transporter ATP-binding protein

M. fulvus HW-1

2e-130

MXAN_6569

4

1e-12

MXAN_0684

4

ferric siderophore ABC transporter ATP-binding
protein

M. fulvus HW-1

3e-174

MXAN_6569

4

1e-34
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MXAN_0685

2

ferric siderophore ABC transporter permease

M. fulvus HW-1

0

MXAN_0686

2

5e-4

MXAN_0686

2

ferric siderophore ABC transporter permease

M. fulvus HW-1

0

MXAN_1320

1

1e-10

MXAN_0687

2

ferric siderophore ABC transporter periplasmic
ferric siderophore-binding protein

M. fulvus HW-1

0

MXAN_6000

1

5e-47

MXAN_0696

2

putative permease

M. fulvus HW-1

0

MXAN_3773

3

0

MXAN_0721

1

heme ABC transporter ATP-binding protein

M. fulvus HW-1

2e-170

MXAN_6827

3

2e-42

MXAN_0722

3

hypothetical protein LILAB_05175

M. fulvus HW-1

0

MXAN_5368

NA

0.6

MXAN_0748

pl*

ABC transporter ATP-binding protein/permease

M. fulvus HW-1

0

MXAN_4716

2

3E-114

MXAN_0751

1

hypothetical protein LILAB_05040

M. fulvus HW-1

0

MXAN_1151

3

7e-24

MXAN_0770

2

iron ABC transporter periplasmic iron-binding
protein

M. fulvus HW-1

0

MXAN_6645

1

0.076

MXAN_0771

3

iron ABC transporter permease

M. fulvus HW-1

0

MXAN_7115

3

2e-14

MXAN_0772

2

iron ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_4818

2

1e-65

MXAN_0966

1

ABC transporter substrate-binding protein

Symbiobacterium
thermophilum
IAM 14863

2e-91

MXAN_6964

NA

0.42

MXAN_0967

2

ABC transporter permease protein

S. thermophilum
IAM 14863

3e-74

MXAN_2250

1

2e-10

MXAN_0968

3

ABC transporter ATP-binding protein

S. thermophilum
IAM 14863

6e-133

MXAN_5502

1

3e-45

MXAN_0995

1

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_0772

2

1e-65

MXAN_1060

pl

ABC transporter ATP-binding protein

M. fulvus HW-1

1E-166

MXAN_4750

1

2e-41

MXAN_1097

4

efflux ABC transporter permease/ATP-binding
protein

M. fulvus HW-1

0

MXAN_5167

4

0

MXAN_1124

2

ABC transporter ATP-binding protein

M. fulvus HW-1

1e-162

MXAN_7226

3

8e-119

MXAN_1151

3

receptor family ligand-binding protein

M. fulvus HW-1

0

MXAN_6665

1

0

MXAN_1153

1

cysteine desulfurase activator complex subunit
SufB

M. fulvus HW-1

0

MXAN_1155

2

1e-19
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MXAN_1154

2

FeS assembly ATPase SufC

M. fulvus HW-1

0

MXAN_1097

4

4e-18

MXAN_1155

2

FeS assembly protein SufD

M. fulvus HW-1

0

MXAN_1153

1

4e-21

MXAN_1262

1

receptor family ligand-binding protein

M. fulvus HW-1

0

MXAN_6665

1

4e-9

MXAN_1286

2

ABC transporter-like protein

Cyanothece sp.
PCC 7822

5E-131

MXAN_4716

2

9e-71

MXAN_1319

2

hemin ABC transporter periplasmic hemin-binding
protein

M. fulvus HW-1

0

MXAN_6576

4

5e-16

MXAN_1320

1

hemin ABC transporter permease

M. fulvus HW-1

1e-176

MXAN_6575

4

7e-39

MXAN_1321

1

hemin ABC transporter ATP-binding protein

M. fulvus HW-1

1e-163

MXAN_6569

4

5e-37

MXAN_1376

1

hypothetical protein LILAB_01915

M. fulvus HW-1

0

MXAN_3767

NA

2.9

MXAN_1377

2

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_0554

1

3e-45

MXAN_1547

2

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_4878

1

3e-71

MXAN_1548

3

putative membrane spanning protein

M. fulvus HW-1

2e-143

MXAN_4879

1

2e-29

MXAN_1597

1

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_5317

1

2e-57

MXAN_1598

2

ABC transporter permease

M. fulvus HW-1

0

MXAN_0553

1

0.005

MXAN_1604

2

putative permease

M. fulvus HW-1

0

MXAN_2429

1

3e-96

MXAN_1605

3

putative permease

M. fulvus HW-1

0

MXAN_2428

3

9e-66

0

MXAN_7146

1

3e-138

MXAN_1695

1

hypothetical protein Acid_6252

Candidatus
Solibacter
usitatus
Ellin6076

MXAN_1789

pl

ABC transporter ATP-binding protein/peptidase

M. fulvus HW-1

0

MXAN_1097

4

5e-30

MXAN_1790

1

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_1097

4

2e-20

MXAN_2018

1

putative oligopeptide ABC transporter periplasmic
oligopeptide-binding protein

M. fulvus HW-1

0

MXAN_6456

1

2e-15

MXAN_2019

2

putative oligopeptide ABC transporter permease

M. fulvus HW-1

0

MXAN_6552

1

1e-5

MXAN_2020

3

putative oligopeptide ABC transporter permease

M. fulvus HW-1

9e-143

MXAN_6553

1

2e-6

MXAN_2078

1

hypothetical protein LILAB_18165

M. fulvus HW-1

0

MXAN_3853

NA

0.024
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MXAN_2249

1

glycine/betaine/L-proline ABC transporter ATPbinding protein

M. fulvus HW-1

0

MXAN_0772

2

1e-52

MXAN_2250

1

glycine/betaine/L-proline ABC transporter
permease

M. fulvus HW-1

0

MXAN_0597

3

5e-20

MXAN_2251

1

glycine betaine/L-proline ABC
transporterperiplasmic substrate-binding protein

M. fulvus HW-1

0

MXAN_4411

NA

0.004

MXAN_2268

1

putative permease

M. fulvus HW-1

0

MXAN_5168

2

5e-43

MXAN_2407

1

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_0559

2

7e-123

MXAN_2428

3

hypothetical protein LILAB_19825

M. fulvus HW-1

0

MXAN_1605

3

4e-62

MXAN_2429

1

ABC transporter permease

M. fulvus HW-1

0

MXAN_1604

2

3e-86

MXAN_2430

2

ABC transporter ATP-binding protein

M. fulvus HW-1

1e-173

MXAN_6402

1

1e-74

MXAN_2654

4

cytochrome C assembly family protein

M. fulvus HW-1

8e-144

MXAN_3109

NA

1.1

MXAN_2783

1

hypothetical protein gll1201

Gloeobacter
violaceus PCC
7421

2e-180

MXAN_0696

2

1e-151

MXAN_2795

1

nogalamycin resistance protein SnorO

M. fulvus HW-1

0

MXAN_3452

NA

2e-158

MXAN_2831

1

ABC transport system substrate-binding protein

Sorangium
cellulosum 'So
ce 56'

2e-154

MXAN_4266

NA

0.54

MXAN_2832

1

ABC transporter permease

S. cellulosum 'So
ce 56'

2e-105

MXAN_0597

3

4e-12

MXAN_2833

3

sulfonate ABC transporter ATP-binding protein

S. cellulosum 'So
ce 56'

8e-111

MXAN_0037

4

7e-49

MXAN_2853

1

putative lantibiotic ABC transporter permease/ATPbinding protein

M. fulvus HW-1

0

MXAN_1097

4

2e-58

MXAN_2948

1

cation ABC transporter permease

M. fulvus HW-1

2e-168

MXAN_7191

NA

0.66

MXAN_2949

4

cation ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_6569

4

6e-25

MXAN_2951

3

ABC transporter substrate-binding protein

M. fulvus HW-1

0

MXAN_0001

NA

1.4

MXAN_3208

3

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_4102

1

2e-42
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MXAN_3209

1

hypothetical protein LILAB_23825

M. fulvus HW-1

0

MXAN_3685

NA

0.72

MXAN_3256

4

heme exporter protein CcmC

M. fulvus HW-1

0

MXAN_3253

NA

0.022

MXAN_3257

4

heme exporter protein CcmB

M. fulvus HW-1

6e-128

MXAN_4714

NA

0.073

MXAN_3258

4

heme ABC exporter, ATP-binding protein CcmA

M. fulvus HW-1

2e-133

MXAN_5584

2

1e-36

MXAN_3339

3

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_0622

2

2e-132

MXAN_3648

1

putative permease

M. fulvus HW-1

0

MXAN_2783

1

1e-147

MXAN_3650

1

hypothetical protein gll1201

Gloeobacter
violaceus PCC
7421

0

MXAN_7146

1

1e-152

MXAN_3717

4

putative ABC transporter permease

M. fulvus HW-1

0

MXAN_0249

1

4e-44

MXAN_3718

2

ABC transporter ATP-binding protein

M. fulvus HW-1

2E-175

MXAN_7226

3

2e-98

MXAN_3719

2

Mce family protein (substrate-binding)

M. fulvus HW-1

0

MXAN_0251

3

6e-7

MXAN_3773

3

MXAN_0696

M. xanthus

0

MXAN_0696

2

0

MXAN_3908

3

ABC transporter ATP-binding protein

M. fulvus HW-1

3E-150

MXAN_7226

3

1e-45

MXAN_3909

1

hypothetical protein LILAB_27770

M. fulvus HW-1

2e-154

MXAN_0249

1

1e-27

MXAN_3910

1

hypothetical protein LILAB_27775

M. fulvus HW-1

2e-147

MXAN_3717

4

3e-28

MXAN_3911

1

ABC transporter ATP-binding protein

M. fulvus HW-1

1e-148

MXAN_0250

2

1e-37

MXAN_3912

1

Mce family protein

M. fulvus HW-1

0

MXAN_3719

2

2e-10

MXAN_3986

3

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_2407

1

5e-32

MXAN_4074

1

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_4102

1

8e-39

MXAN_4102

1

ABC transporter ATP-binding protein

M. fulvus HW-1

5e-173

MXAN_5781

4

3e-48

MXAN_4103

1

hypothetical protein LILAB_28695

M. fulvus HW-1

2e-173

MXAN_5493

NA

1.0

MXAN_4172

1

putative ABC transporter permease

M. fulvus HW-1

0

MXAN_0108

4

2e-144

MXAN_4173

2

putative ABC transporter permease

M. fulvus HW-1

0

MXAN_0107

2

3e-177

MXAN_4174

3

ABC transporter ATP-binding protein

M. fulvus HW-1

4e-166

MXAN_4199

1

1e-92

MXAN_4199

1

putative macrolide efflux ABC transporter ATPbinding protein

M. fulvus HW-1

2e-164

MXAN_4174

3

1e-92
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MXAN_4201

1

putative macrolide efflux ABC transporter
permease

M. fulvus HW-1

0

MXAN_0107

2

1e-65

MXAN_4523

1

putative lipoprotein

M. fulvus HW-1

0

MXAN_7295

2

0.24

MXAN_4586

2

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_0622

2

1e-95

MXAN_4622

4

o-antigen ABC exporter, ATP-binding protein

M. fulvus HW-1

0

MXAN_5584

2

5e-19

MXAN_4623

4

o-antigen ABC exporter, permease

M. fulvus HW-1

0

MXAN_4775

NA

1.9

MXAN_4664

3

peptide ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_6554

3

1e-78

MXAN_4665

1

peptide ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_4664

3

5e-66

MXAN_4716

2

putative ABC transporter permease/ATP-binding
protein

M. fulvus HW-1

0

MXAN_0748

pl

5e-109

MXAN_4729

pl

lipoprotein releasing system, ATP-binding protein
LolD

M. fulvus HW-1

1E-159

MXAN_4174

3

1e-65

MXAN_4730

pl

LolC/E family lipoprotein releasing system,
transmembrane protein

M. fulvus HW-1

0

MXAN_5419

1

0

MXAN_4749

2

putative ABC transporter permease

M. fulvus HW-1

0

MXAN_6800

NA

0.81

MXAN_4750

1

ABC transporter ATP-binding protein

M. fulvus HW-1

5e-171

MXAN_4878

1

2e-50

MXAN_4788

pl

phosphate ABC transporter substrate-binding
protein

M. fulvus HW-1

0

MXAN_1736

NA

0.5

MXAN_4789

pl

phosphate ABC transporter permease

M. fulvus HW-1

0

MXAN_4790

pl

3E-23

MXAN_4790

pl

phosphate ABC transporter permease

M. fulvus HW-1

0

MXAN_4789

pl

2e-20

MXAN_4791

pl

phosphate transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_5502

1

1e-42

MXAN_4818

2

sulfate ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_0772

2

2e-60

MXAN_4819

1

sulfate ABC transporter permease CysW

M. fulvus HW-1

3e-175

MXAN_4820

2

6e-48

MXAN_4820

2

sulfate ABC transporter permease CysT

M. fulvus HW-1

1e-176

MXAN_4819

1

4e-47

MXAN_4821

1

sulfate ABC transporter periplasmic sulfate-binding
protein

M. fulvus HW-1

0

MXAN_6850

NA

0.31

MXAN_4878

1

ABC transporter ATP-binding protein

M. fulvus HW-1

9e-166

MXAN_1547

2

2e-71

MXAN_4879

1

putative ABC transporter permease

M. fulvus HW-1

0

MXAN_1548

3

1e-22

183

MXAN_5167

4

efflux ABC transporter permease/ATP-binding
protein

M. fulvus HW-1

0

MXAN_1097

4

0

MXAN_5168

2

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_7146

1

3e-148

MXAN_5183

1

hypothetical protein LILAB_33920

M. fulvus HW-1

0

MXAN_0787

NA

0.19

MXAN_5275

3

HlyB/MsbA family ABC transporter

Gloeobacter
violaceus PCC
7421

1e-171

MXAN_5276

1

5e-92

MXAN_5276

1

hypothetical protein LOC100496829

Xenopus
(Silurana)
tropicalis

1e-170

MXAN_5275

3

4e-106

MXAN_5316

2

putative daunorubicin resistance ABC transporter
permease

M. fulvus HW-1

6E-176

MXAN_0553

1

2e-11

MXAN_5317

1

putative daunorubicin resistance ABC transporter
ATP-binding

M. fulvus HW-1

0

MXAN_1597

1

5e-58

MXAN_5377

2

putative sugar ABC transporter ATP-binding
protein

M. fulvus HW-1

0

MXAN_7225

3

6e-108

MXAN_5378

2

putative sugar ABC transporter
permease/periplasmic sugar-binding protein

M. fulvus HW-1

0

MXAN_7294

3

1e-25

MXAN_5379

1

sugar ABC transporter permease

M. fulvus HW-1

0

MXAN_7293

1

2e-56

MXAN_5419

1

LolC/E family lipoprotein releasing system,
transmembrane protein

M. fulvus HW-1

0

MXAN_4730

pl

0

MXAN_5502

1

amino acid ABC transporter ATP-binding protein

M. fulvus HW-1

8e-166

MXAN_0968

3

5e-46

MXAN_5503

2

His/Glu/Gln/Arg/opine amino acid ABC transporter
permease/periplasmic amino acid-binding protein

M. fulvus HW-1

6E-176

MXAN_4789

pl

0.53

MXAN_5583

2

ABC transporter permease

M. fulvus HW-1

0

MXAN_6826

2

4e-4

MXAN_5584

2

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_6827

3

7e-51

MXAN_5698

1

putative ABC transporter permease

M. fulvus HW-1

0

MXAN_2428

3

2e-7

MXAN_5699

pl

ABC transporter ATP-binding protein

M. fulvus HW-1

2E-153

MXAN_4199

1

3e-65

MXAN_5702

1

hypothetical protein LILAB_35985

M. fulvus HW-1

0

MXAN_5598

NA

0.64
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MXAN_5711

1

Bmp family lipoprotein

M. fulvus HW-1

0

MXAN_0962

NA

0.17

MXAN_5712

1

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_0772

2

4e-23

MXAN_5713

3

ABC transporter permease

M. fulvus HW-1

0

MXAN_5714

1

5e-5

MXAN_5714

1

ABC transporter permease

M. fulvus HW-1

1e-168

MXAN_6663

2

0.12

MXAN_5747

2

ABC transporter permease

M. fulvus HW-1

0

MXAN_4173

2

0.66

MXAN_5748

1

cell division ABC transporter ATP-binding protein

Stigmatella
aurantiaca
DW4/3-1

4e-141

MXAN_7145

pl

3e-54

MXAN_5780

2

putative efflux ABC transporter permease PilI

M. fulvus HW-1

4E-161

MXAN_5583

2

0.34

MXAN_5781

4

efflux ABC transporter ATP-binding protein PilH

M. fulvus HW-1

0

MXAN_4102

1

7e-55

MXAN_5978

1

putative phosphonate-binding protein

M. fulvus HW-1

0

MXAN_6505

NA

0.022

MXAN_6000

1

iron compound ABC transporter periplasmic iron
compound-binding protein

Pseudomonas
mendocina NK01

4e-73

MXAN_0687

2

2e-46

MXAN_6001

3

hypothetical protein LILAB_16280

M. fulvus HW-1

2e-174

MXAN_0440

NA

0.23

MXAN_6002

1

ABC transporter permease

M. fulvus HW-1

2e-173

MXAN_4975

NA

2.7

MXAN_6003

1

ABC transporter

M. fulvus HW-1

0

MXAN_6827

3

4e-38

MXAN_6042

3

putative ABC transporter periplasmic substratebinding protein

M. fulvus HW-1

0

MXAN_6576

4

2e-18

MXAN_6402

1

ABC transporter

Sideroxydans
lithotrophicus
ES-1

2e-105

MXAN_2430

2

1e-74

MXAN_6403

pl

hypothetical protein Slit_2574

Sideroxydans
lithotrophicus
ES-1

2E-147

MXAN_2428

3

5e-18

MXAN_6456

1

putative ABC transporter periplasmic substratebinding protein

M. fulvus HW-1

0

MXAN_5907

NA

2e-39

MXAN_6474

1

putative ABC transporter permease

M. fulvus HW-1

0

MXAN_5572

NA

1.1

MXAN_6475

1

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_1547

2

4e-59
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MXAN_6518

1

hypothetical protein LILAB_13890

M. fulvus HW-1

8e-131

MXAN_5678

NA

0.11

MXAN_6551

1

putative oligopeptide/dipeptide ABC transporter
periplasmic oligopeptide/dipeptide-binding protein

M. fulvus HW-1

0

MXAN_6456

1

9e-13

MXAN_6552

1

putative oligopeptide/dipeptide ABC transporter
permease

M. fulvus HW-1

0

MXAN_2019

2

1e-4

MXAN_6553

1

putative oligopeptide/dipeptide ABC transporter
permease/ATP-binding protein

M. fulvus HW-1

0

MXAN_4665

1

4e-62

MXAN_6554

3

peptide ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_4664

3

3e-76

MXAN_6568

3

ferrichrome ABC transporter permease

M. fulvus HW-1

0

MXAN_2275

NA

7e-74

MXAN_6569

4

ferrichrome ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_0684

4

2e-34

MXAN_6575

4

FecCD transport family protein

M. fulvus HW-1

0

MXAN_1320

1

7e-41

MXAN_6576

4

iron-binding protein

M. fulvus HW-1

2E-162

MXAN_6042

3

6e-26

MXAN_6643

3

molybdate ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_0995

1

4e-40

MXAN_6644

2

molybdate ABC transporter permease

M. fulvus HW-1

3e-130

MXAN_4820

2

2e-30

MXAN_6645

1

molybdate ABC transporter substrate-binding
protein

M. fulvus HW-1

9e-147

MXAN_1801

NA

2.2

MXAN_6661

3

putative branched-chain amino acid ABC
transporter ATP-binding protein

M. fulvus HW-1

8e-164

MXAN_1060

pl

2e-33

MXAN_6662

1

branched-chain amino acid ABC transporter ATPbinding protein

M. fulvus HW-1

0

MXAN_1060

pl

3e-35

MXAN_6663

2

putative branched chain amino acid ABC
transporter permease

M. fulvus HW-1

0

MXAN_6664

1

0.09

MXAN_6664

1

branched-chain amino acid ABC transporter
permease LivH

M. fulvus HW-1

0

MXAN_6663

2

8e-4

MXAN_6665

1

putative branched chain amino acid ABC
transporter periplasmic amino acid-binding protein

M. fulvus HW-1

0

MXAN_1151

3

0

MXAN_6765

2

ABC transporter ATP-binding protein

M. fulvus HW-1

5e-146

MXAN_4174

3

8e-63

MXAN_6766

2

ABC transporter permease

M. fulvus HW-1

0

MXAN_5168

2

9e-10

MXAN_6826

2

putative sodium ABC transporter permease

M. fulvus HW-1

0

MXAN_5583

2

1e-5
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MXAN_6827

3

sodium ABC transporter ATP-binding protein NatA

M. fulvus HW-1

2e-172

MXAN_5584

2

9e-51

MXAN_6934

1

ABC transporter ATP-binding protein/permease

M. fulvus HW-1

0

MXAN_5275

3

2e-48

MXAN_7114

1

ABC transporter substrate-binding protein

M. fulvus HW-1

0

MXAN_3918

NA

1.3

MXAN_7115

3

ABC transporter permease

M. fulvus HW-1

0

MXAN_0771

3

4e-26

MXAN_7144

2

ABC transporter ATP-binding protein

M. fulvus HW-1

8e-158

MXAN_7145

pl

3e-57

MXAN_7145

pl

ABC transporter ATP-binding protein

M. fulvus HW-1

1E-169

MXAN_4174

3

3e-79

MXAN_7146

1

hypothetical protein gll1201

Gloeobacter
violaceus PCC
7421

0

MXAN_3650

1

2e-153

MXAN_7225

3

putative sugar ABC transporter ATP-binding
protein

M. fulvus HW-1

0

MXAN_5377

2

2e-111

MXAN_7226

3

ABC transporter ATP-binding protein

M. fulvus HW-1

0

MXAN_1124

2

2e-119

MXAN_7293

1

sugar ABC transporter permease

M. fulvus HW-1

0

MXAN_5379

1

5e-60

MXAN_7294

3

sugar ABC transporter permease

M. fulvus HW-1

0

MXAN_5378

2

1e-35

MXAN_7295

2

putative sugar ABC transporter periplasmic sugarbinding protein

0

MXAN_5378

2

3e-12
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Appendix IV Primers used for generating ABC transporter mutants

Primers

Seqeunces (5'-3')

MXAN_0035-F

CTTCTTCCCCAACATCACCC

MXAN_0035-R

GTCTCCAGCACCTGTCGTGT

MXAN_0036-F

CTACCTGATGTCAGTGGCCC

MXAN_0036-R

GGAGACGAAGAGCAGCTCAC

MXAN_0037-F

GCTGCTGATGTTCCAGGAG

MXAN_0037-R

CATGGGCAGGTGGACTTC

MXAN_0107-F

TCTCGAAGTTCCCCTGGAC

MXAN_0107-R

GGTTGATGGCGAAGTCGT

MXAN_0108-F

TCCGACTGCTTCCAGGTG

MXAN_0108-R

CTCCTCCAACGGCTTCAG

MXAN_0249-F

CTCGTGTACCACACGGAGTC

MXAN_0249-R

CGATGATGAGTCCGAACACC

MXAN_0250-F

TATGACGACATGGACCTGGA

MXAN_0250-R

GTCACGACGATGGAAGTGC

MXAN_0251-F

GACGGGCATCGTCTTCTC

MXAN_0251-R

GTCCTGGCCGTAGACGAG

MXAN_0553-F

CGTACCTGCACTTCATCGTG

MXAN_0553-R

GTTGAAGAGGCTGACGGTGT

MXAN_0554-F

GTCTTCGGCAAGGACCTG

MXAN_0554-R

CTCCACGTAGGTGAGGGTG

MXAN_0559-F

CAGGAGCCACAGCTCGAT

MXAN_0559-R

CTCTCCGACTTCTCCTCCAG

MXAN_0596-F

TGTGGCAAGTCAACACTGCT
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MXAN_0596-R

ATGAACCGGGTGACGAAGT

MXAN_0597-F

TCGACGTGTACCCCGAGT

MXAN_0597-R

GCGTTGAGCTTCACCATGT

MXAN_0622-F

ATTGGCTACTTCAGCCAGGA

MXAN_0622-R

CTGCTGCTGCTTCTCGTTC

MXAN_0629-F

GCGAAGCTCTCTTTCGATTTGC

MXAN_0629-R

TTCATCAAGGAGCAGCACGTGG

MXAN_0684-F

ACCCTGCTGTCCATGATGA

MXAN_0684-R

ATGTGGTCGGAGTAGCAGGA

MXAN_0685-F

GTGCTCTTCCAGACGGTGAC

MXAN_0685-R

ATGTTGGCCACCAGCAAC

MXAN_0686-F

ATCATGCAGATGATTGCCC

MXAN_0686-R

ATGACCATGCTGACCAGGTT

MXAN_0687-F

GACATGTTCCCCCAGCAC

MXAN_0687-R

CACCAATTCATTGTCCAGCA

MXAN_0696-F

ATGGCCCAATTACCAGGACT

MXAN_0696-R

GTTGCCCGTCACCGTCTC

MXAN_0721-F

GGAAGACGACCACCATCAAC

MXAN_0721-R

GACCTCCTCCACCTCGTACA

MXAN_0722-F

ATACAACTTCGTTCCGGTGC

MXAN_0722-R

ACACGTACGAGGGTGGTAGC

MXAN_0748-F

GTTCCTCTACGGACGGCTG

MXAN_0748-R

GACTTCACGGGCTGGTACA

MXAN_0751-F

CACCCCGGACAAGAAGAAG

MXAN_0751-R

GTCCCGCAGGTGGTAGTAGA
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MXAN_0770-F

CACGTTGCTGGAGGAGGG

MXAN_0770-R

GTGTTCTTCGAGCCCTTGAG

MXAN_0771-F

CAAGACGTGGGGCCTGTT

MXAN_0771-R

ACCGTCACGGACACCAAC

MXAN_0772-F

GTGTGGCAAGACGACGAC

MXAN_0772-R

AGGAAGTACGCCACGAAGG

MXAN_0966-F

GTTCCCCACGGAGACATTC

MXAN_0966-R

GTCCAGCTTCAGGTGCTTCT

MXAN_0967-F

CCGTTCATCATCCTCATGGT

MXAN_0967-R

GTCACCCAGCCATTGGAC

MXAN_0968-F

CGACGGACAGGACTTGCT

MXAN_0968-R

GGAAAGCACAGTTGATGCAG

MXAN_0995-F

CACACAAGACGGTGTTCGAC

MXAN_0995-R

GACAAGGTGTTGTTCACCCC

MXAN_1060-F

GGAAGACGACCAGCTTCAAC

MXAN_1060-R

TGATGTACGCACGATCACAG

MXAN_1097-F

GTATGTGGTGGACCGGCT

MXAN_1097-R

ATGAAGACGGAGGTCTGGAG

MXAN_1124-F

GGAAGACGGTGCTGATGAAG

MXAN_1124-R

GTGTTCGATGATGCGTCCTT

MXAN_1151-F

CTCATCACCCAGGACAAGGT

MXAN_1151-R

GTCCGGCGAGTAGTGGTTC

MXAN_1153-F

GACTATCAGGCCATCCGCTA

MXAN_1153-R

GGAGTACTTGATGGTGGCGT

MXAN_1154-F

GTGACGGCTACGAGGTGAC
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MXAN_1154-R

CTTGTCCGGGACGATGTAGT

MXAN_1155-F

GTGACGAGGCGTGGAAGTA

MXAN_1155-R

GAGCTTGTAGTGGTGGAGGC

MXAN_1262-F

GAGGGCTGTGGAGTGGTCTA

MXAN_1262-R

TCATTCACGTAGCTGATGCC

MXAN_1286-F

CATCTTTCCCCGCTGGTC

MXAN_1286-R

ATAGGCGACCTCGTTCCAG

MXAN_1319-F

CCATCACCGAAACCGTCTT

MXAN_1319-R

CTGGCATGAGGATGAAGTCC

MXAN_1320-F

ACAAGCTGGAGTCCGTGC

MXAN_1320-R

CTTGAGGCGCTCGACATC

MXAN_1321-F

GTGCTTCTGGACGGCACT

MXAN_1321-R

ACTCCTGGGAAAGCACCTG

MXAN_1376-F

CCGTCTATGTGCTGTACATGCC

MXAN_1376-R

CCAGGAGGAACACGAACAAGTC

MXAN_1377-F

GGAAGTCCACCAGCATCG

MXAN_1377-R

CGGAGATGAGCTTCTCGAAC

MXAN_1547-F

CATGACGTGGTGAGCAATG

MXAN_1547-R

ACCTCCACCGAGCCAAAG

MXAN_1548-F

GGTGCTGTCGCAGTTCTTCT

MXAN_1548-R

GGGAAGTGCTGATTCCACAG

MXAN_1597-F

AGACGACGACCGTGGAAAT

MXAN_1597-R

CTCCAACTCGATGACCTGCT

MXAN_1598-F

GTTCCGGAATGACTCCCTG

MXAN_1598-R

CAATGTGAAGTAGCTGCCGA
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MXAN_1604-F

CGAAGTCTCATCGAGAGCG

MXAN_1604-R

AGGAAGCTGCCCGGAGAC

MXAN_1605-F

CTACTTCAAGGAGCATCCCG

MXAN_1605-R

CCCAGCTTGTCGCCGTAG

MXAN_1695-F

GTTCTCGGACCCCAACTTC

MXAN_1695-R

CAAGCAGGTAGAGCGTGGAC

MXAN_1789-F

GTCACCTTGGATGAAGTCGC

MXAN_1789-R

GGGCGAACGGACCAATAG

MXAN_1790-F

ATCACGCCACTCTACCACG

MXAN_1790-R

CTTCAGCAGCGTTCCGAG

MXAN_2018-F

GTGACTTCGTCGTGGGCT

MXAN_2018-R

CAGGAAGTACGTGGACAGCA

MXAN_2019-F

CGTGGGAGAAGCTCTTTCG

MXAN_2019-R

GTAGAGCTGGCCGAAGTACG

MXAN_2020-F

CCCTGTCCAGCACCTGTC

MXAN_2020-R

AAGAAGCTCACGGTGGACTC

MXAN_2078-F

CCGTATGCCTCCGTCATC

MXAN_2078-R

CCCTTCCTTCACCTGGCT

MXAN_2249-F

CTGCCTCAACCGCCTCAT

MXAN_2249-R

GTCCACGTGCTCCACGAAG

MXAN_2250-F

CCAGCTACGCCATCATCACGG

MXAN_2250-R

ACCACCATGGACAGCGACAGC

MXAN_2251-F

ATGACACATCTGGTCCAGGC

MXAN_2251-R

CGTGTGGATGGACTCCTTG

MXAN_2268-F

GACTTCTTCCCGATGCTGG
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MXAN_2268-R

ACGGAGACTTCCCCCTCAC

MXAN_2407-F

GAGCTGTCCGTGTCCCAG

MXAN_2407-R

GCCACTTCCTGGGCAATC

MXAN_2428-F

CGGTCGTCACCGGCTATC

MXAN_2428-R

CCTCACGGTTGACGGTCT

MXAN_2429-F

TCGGATGACTCCAAGGACC

MXAN_2429-R

GAAGAACTTGGACAGCAGCA

MXAN_2430-F

CCGGTGAGTTCATCTCCATC

MXAN_2430-R

GAGAAGATGAAGGTGGTGCC

MXAN_2654-F

GTGGCGCTCTTCGAGTTGCTCG

MXAN_2654-R

CGTCTTCCCATCCACGGTCCAG

MXAN_2783-F

GTGCAGGAGTCGGTGAGC

MXAN_2783-R

TCGTCGTGAGGTGGTCCT

MXAN_2795-F

TTTGTGCAACAGTTCATGCC

MXAN_2795-R

AGGTGGCTCGGGTGAAGAT

MXAN_2831-F

AGGTGGAGTTCGGCATCAG

MXAN_2831-R

CGTCGTATTCAGCTTTCCC

MXAN_2832-F

GAGGCCTCCTCGCTCCTC

MXAN_2832-R

GATCCGTGCGCAGTTGAC

MXAN_2833-F

ACATCTCCTTCACCCCGAC

MXAN_2833-R

CTTCGGAAATGGAGTGGGT

MXAN_2853-F

CTGTCTGGCCATGGTGCT

MXAN_2853-R

GACGTGAGCAGCTCGAAGA

MXAN_2948-F

TCCTGAGCGTGTACGTGGT

MXAN_2948-R

CCGCAGCTCCAACATCAG
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MXAN_2949-F

CAAGAGCACCTGGTTCCG

MXAN_2949-R

GGTCCACGAAGACGAGCAC

MXAN_2951-F

ACTTCGTGGATGCCAAGC

MXAN_2951-R

TGGTGTCCGGGTAGTAGCTC

MXAN_3208-F

GATGTGCGGCTACCTCTACC

MXAN_3208-R

GTGAGCTCCGGGATGATG

MXAN_3209-F

CTACAGCATGTTCTCCGCGT

MXAN_3209-R

AGAAGACGAACAGCAGGATGA

MXAN_3256-F

CAGCTACCTCATGAAGGCGA

MXAN_3256-R

GAACCAGAGGGTGAGGAACA

MXAN_3257-F

ACGCTGCTGATGTTCTCCTT

MXAN_3257-R

GTCTCCCTGAAGTACGAGCG

MXAN_3258-F

ACAACGGTTCCGGGAAGAC

MXAN_3258-R

CTTGAGTTCGGCGATGATG

MXAN_3339-F

TGCAATACAGCCGCAAGG

MXAN_3339-R

TCAACAGCTCCTTCTCCTCC

MXAN_3648-F

AGGTGTTACTGCGGCCGTT

MXAN_3648-R

AGCAGGCTCCTCCGTGAA

MXAN_3650-F

CCTACGAGGTGCTGCCTTC

MXAN_3650-R

GAGGTTTGCCAGGTTGACAC

MXAN_3717-F

AACTGGACTTCGTGGGTGTG

MXAN_3717-R

AAGCAGCAGATGAGGGACAC

MXAN_3718-F

ATGAAGCACATGATTGGCCT

MXAN_3718-R

ATGTCATGGCTGATGACCAC

MXAN_3719-F

GCGAAGGTCTGGTTGAAGAT
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MXAN_3719-R

CAGCTTCTTGAGCGTCTCCT

MXAN_3773-F

GGTTAGTCTCGTCGAGGTGC

MXAN_3773-R

CTTTCATCGAGCGGAATGAC

MXAN_3908-F

GAAGACGACGCTGGTGAAG

MXAN_3908-R

CTGGGACACGTCCAGGAG

MXAN_3909-F

GCTGGTGCAATTCGGCTAC

MXAN_3909-R

GAAGATGCCCGTCTTCACC

MXAN_3910-F

CGTGTGGCTGGTGATGTC

MXAN_3910-R

GCCAGCGGAATGTAGAGC

MXAN_3911-F

ACGAAGGAGCTGACGTTCAT

MXAN_3911-R

GGCTCGTCGAAGAGGAGATA

MXAN_3912-F

AGGACATCCAGCTCCAACC

MXAN_3912-R

GAGGCATCGTCCAACAGC

MXAN_3986-F

AGGGACACCTTCAGTTCGAG

MXAN_3986-R

CGTCGTTGTCGTGTTTGTTC

MXAN_4074-F

GGCACCATGACCTTCGAC

MXAN_4074-R

GCGATGACCTCCAACTGTTT

MXAN_4102-F

GGGTCCATCCGGGTACTG

MXAN_4102-R

CTCGACGACGTATTGTCCCT

MXAN_4103-F

CATCGAAGTGGTGGACGGAGC

MXAN_4103-R

CTCCCACCAGGAAGACGAAGC

MXAN_4172-F

ACCTTCCAGGTGACGAAGTG

MXAN_4172-R

GAACAGCTCCGGGGACTT

MXAN_4173-F

GATCAAGGGCGACTGGTG

MXAN_4173-R

CGGTTGATGGAGAAGTCGTC
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MXAN_4174-F

GCAAGAGCACGATGATGAAC

MXAN_4174-R

ACAATCTCTCCGTCGCTCAG

MXAN_4199-F

ACCTTCATGAACCTCATCGG

MXAN_4199-R

GAAGAGGGCCATGATCTCCT

MXAN_4201-F

GATGACCATCGACGACGC

MXAN_4201-R

GTCTCCTGCATGGTGTTGAG

MXAN_4523-F

GGAGCATTCGGACATCGAC

MXAN_4523-R

CTCTTCCGCCAGGGAACTAT

MXAN_4586-F

ACTTCCGCTACGAGGACAAC

MXAN_4586-R

GCTGGGCAATCTTCTTCTTC

MXAN_4622-F

ACCATCCCCAAGGGTAAGAC

MXAN_4622-R

GAAATGGCCTCACGGTACTC

MXAN_4623-F

GCTCCACATGCTGGTGTACGTG

MXAN_4623-R

CTGGTACGACGTCATCAGGCTG

MXAN_4664-F

GTTTCGACGGACAGGAACTC

MXAN_4664-R

ACAACAACGCCTGGGTGTA

MXAN_4665-F

GGAGAGGTGCGCTTCCAG

MXAN_4665-R

CGCGTACATCACCACCAC

MXAN_4716-F

GCTGGTGATGGTCATCGTT

MXAN_4716-R

AGCACCTCCATCAGCCCT

MXAN_4729-F

AGCACCTTCCTGCACGTC

MXAN_4729-R

GTCTCGTTGTGGGTGACGAC

MXAN_4730-F-4

GGTTCGAGCTCTTTGTCGC

MXAN_4730-F-1

CCACGACTACGAGCCGTAGTAG

MXAN_4730-F-2

GAAAATCCTGGGCACCAACGC
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MXAN_4730-F-3

CCACGGAGCTGGGCTCGG

MXAN_4730-R-4

GGATGTTCTTGGGCAGGTC

MXAN_4730-R-1

GGATGATGTCGTCCTCCTCGAC

MXAN_4730-R-2

GAGGACGGAAATCTCCTTCCG

MXAN_4730-R-3

GGGCGACTGCTCCCGAAGC

MXAN_4749-F

AGGTGGTGCAACTCTTCCC

MXAN_4749-R

CGTCTCCTCGAACGGAACT

MXAN_4750-F

ATATGACTTGTCGCGGACG

MXAN_4750-R

ACAACTCCTCCACCAGCG

MXAN_4788-F-1

CCAACATCAAGGTCCAGGTC

MXAN_4788-F-2

GGCGTTCATGAAGAAGAACCC

MXAN_4788-F-3

CAACATCAAGGTCCAGGTCACCG

MXAN_4788-F-4

AGCCGGGAGATGAAGAAG

MXAN_4788-R-1

ATCTCCTCGTTGCCCTTCTT

MXAN_4788-R-2

CTCGTTGCCCTTCTTCACCTTC

MXAN_4788-R-3

CGATCTCCTCGTTGCCCTTCTTC

MXAN_4788-R-4

GTACTTGCCGCTCTTGATG

MXAN_4789-F-1

CCTGGCCAAGATGTTCCTG

MXAN_4789-F-2

AAGATGTTCCTGCCGCAGG

MXAN_4789-F-3

CGCTCATCCTCATCATCGTC

MXAN_4789-F-4

GCCTGGCCAAGATGTTC

MXAN_4789-R-1

ACGCCATGAGGACAATCATC

MXAN_4789-R-2

AATCATCGTCTCGCCAATGGCC

MXAN_4789-R-3

CCATGAGGACAATCATCGTC

MXAN_4789-R-4

GACGCCATGAGGACAATC
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MXAN_4790-F

ATCTTCCCCGCCATCTTC

MXAN_4790-R

ATGAACTGGGAGTCCAGGTG

MXAN_4791-F-1

CTTCAGGTGGAAGGACGCGAGG

MXAN_4791-F-2

CCGGATGAACGACCTCATCTC

MXAN_4791-F-3

GAACGACCTCATCTCCGGCACC

MXAN_4791-F-4

CTCAACCGGATGAACGAC

MXAN_4791-R-1

GAGCTCGTGGATGAGCTCCTCG

MXAN_4791-R-2

GCGATGGTGTACGTCGACTTG

MXAN_4791-R-3

GTGACGATGGCGATGGTGTACG

MXAN_4791-R-4

ATGGCGATGGTGTACGTC

MXAN_4818-F

GTGGGGGTGGTCTTCCAG

MXAN_4818-R

GTCATGCGGACGGACAAAG

MXAN_4819-F

TTCCAGAAGGGCTGGGAG

MXAN_4819-R

TTGTAGAGAATCTCCGCGTG

MXAN_4820-F

CTGAGCTGGGAGGAGTTCTG

MXAN_4820-R

ATGTTGCCGGAGATGAAGAC

MXAN_4821-F

GTCATCGAAGGACTGCGG

MXAN_4821-R

GTCCGAATAGAGGTACGCCA

MXAN_4878-F

GTCCACCACCATGAAAATCC

MXAN_4878-R

TGGATGATGAGCACCTTCTG

MXAN_4879-F

CCCGGACTTCAACATGTACC

MXAN_4879-R

CTTGATCATCCCCTGCAACT

MXAN_5167-F

GGGGTGTGTTTCATCCAGTC

MXAN_5167-R

GTACCAGAAGACGAGCAGGG

MXAN_5168-F

GAGCGGAGCGAGACATCC
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MXAN_5168-R

CTCAAGGGCCCCAGGTAG

MXAN_5183-F

GACACACCCTTGGAAGCAAC

MXAN_5183-R

CCAGGAAGGTGGCGTAGAG

MXAN_5275-F

GGCATCCACGTCATCAAGACCT

MXAN_5275-R

CCTGGAACACCATCGAGAGGTG

MXAN_5276-F

GATCAGAGCGATGTCCAACA

MXAN_5276-R

CAGGGTGCTTCCTGCGTA

MXAN_5316-F

CTCTTCTGGTTCGTCATCGG

MXAN_5316-R

CTCCACGGAGTAGCGCAT

MXAN_5317-F

AAGTCCACCACCTTCCAGG

MXAN_5317-R

CCTCCACGGAGAGGATGTC

MXAN_5377-F

GCGATGGTGTTCCAATCCT

MXAN_5377-R

GGACAGGGCAGGGTGAAG

MXAN_5378-F

GCCCGGACGTCTTCATCT

MXAN_5378-R

GGGATGTTCGTGGTGCTC

MXAN_5379-F

GAAACCGTCACGCTGGAG

MXAN_5379-R

ACTCCACCTTGTGCTCGC

MXAN_5419-F

CGCTACCGGGACTTCTACTG

MXAN_5419-R

AAGAGCTCGAAGCCCATCTT

MXAN_5502-F

GCATCAACGCCGTCTTCT

MXAN_5502-R

GTCCATCAGCAGCACCTCC

MXAN_5503-F

CGGTTCGTCCAGAACGACT

MXAN_5503-R

GTCCGTCCAGTCGACCAT

MXAN_5583-F

CTCTTCTACGACCCCACGCT

MXAN_5583-R

CTGGAGCAGGTAGTAGCCGA
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MXAN_5584-F

GGGAAGACGACGACGGTG

MXAN_5584-R

GAGACAAAAGCGCTCCGC

MXAN_5698-F

GTCATCCGGGAGAAGGTCT

MXAN_5698-R

GTAGTTCTCCGAGTCCACGC

MXAN_5699-F

AAGTCCACGCTGCTCCAC

MXAN_5699-R

CACAACACGGTGAGTCCTTC

MXAN_5702-F

GGTGCTCATCGGCTTCAG

MXAN_5702-R

CTCCACGTCACCCCACAG

MXAN_5711-F

CTACGAGGGCGGCAAGTA

MXAN_5711-R

CCCTTGGAGATGAGGTCCTG

MXAN_5712-F

GGAGAACGTGGTGCTGGG

MXAN_5712-R

GATGCCGACGATTTCACC

MXAN_5713-F

GTTCAAGGTGGGCCTGTTC

MXAN_5713-R

GTGTCAGCCACACCCACAC

MXAN_5714-F

GGCATGGAGGGGATGATG

MXAN_5714-R

CTGCTCGAAACGGTCCAGTA

MXAN_5747-F

GGTGACGGTGTATCTGTCGC

MXAN_5747-R

AACAGAAAGGCGAAGAGCG

MXAN_5748-F

GAAGACGACGCTGCTGAAGCTC

MXAN_5748-R

CTTCTGGTAACGCGACAGCAGC

MXAN_5780-F

ATGAGCCTGCTGCTTGTCTT

MXAN_5780-R

GTCACCTCGATGCCATAGGT

MXAN_5781-F

CCATCAAGATTCTCATGGGG

MXAN_5781-R

GAATCCCAGAGACTGGAGCA

MXAN_5978-F

CGCCAAGGATTTGCTCTCT
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MXAN_5978-R

TGAAGATGTCCTTCAGCAGC

MXAN_6000-F

TGTCCGCCTACAACAGCA

MXAN_6000-R

GTCTCCAGGGCCTTGTTCTC

MXAN_6001-F

TGTTCGTCGTCTACGGTGAG

MXAN_6001-R

CGTACGTGAACACCATCGTC

MXAN_6002-F

GAGGCGGACTTCATCAGCTA

MXAN_6002-R

GACTCCTCCCAGCCATAGG

MXAN_6003-F

ACGACGCTCAAGGTCCTCT

MXAN_6003-R

GTCCACTTCCTCCGACAGG

MXAN_6042-F

GTGCTGGGCTTCTCTGACTT

MXAN_6042-R

CCTCGTAGAGCTGGTCATCC

MXAN_6402-F

CAAGTCCAGCCTGATGAACA

MXAN_6402-R

CGTCCTTGAGCAGGAGTTTC

MXAN_6403-F

GCGCAATACATGTTCTCCAA

MXAN_6403-R

GACAGTTCCAGCCACGTCTT

MXAN_6456-F

CACCAGCACGGACGTGAG

MXAN_6456-R

GTCTGGTCCGCAATCTCCT

MXAN_6474-F

CGTCTTCTGGGTGTGCTTC

MXAN_6474-R

TGCCCACCAGATAGAGGAAC

MXAN_6475-F

AGGTGCTACTGGACGGACAC

MXAN_6475-R

CAGTAGACGCCCCTGCTC

MXAN_6518-F

GTGAAGACCGTGGTGCAGT

MXAN_6518-R

TTCTTCTTCACCTTCGCCAG

MXAN_6551-F

CGTCTACGAGTGCCTTGAAA

MXAN_6551-R

CAGTCCACTTCCCCTTCCAC
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MXAN_6552-F

CAGTACGCCACGTACCTGAA

MXAN_6552-R

GTAGCGCAGCATCACCTG

MXAN_6553-F

GTGATGGACCCCACGGAG

MXAN_6553-R

GGCCCAGTAGAGGTTGGTG

MXAN_6554-F

GACGTGCTCACCCTGGAG

MXAN_6554-R

GGGTGTTGAGGAAGTCCG

MXAN_6568-F

CGTCCACCTGGGACTGCTA

MXAN_6568-R

ACGTCCTGTGAGAGCTGGTT

MXAN_6569-F

GGAGAAGTCCGCCTGCTG

MXAN_6569-R

GTAGAGCGTTTCCAGGGAGC

MXAN_6575-F

GAGCAGTCCATCTCCCTCAC

MXAN_6575-R

GGCGAGCCAGTAGAGGATTT

MXAN_6576-F

CTGTCGGAGATGGTGCTGT

MXAN_6576-R

ACTTGTCCTTGCCCACGTC

MXAN_6643-F

GTGTTGTTGGACAGCGTTGC

MXAN_6643-R

CACCCACAACGACAACCC

MXAN_6644-F

GGTGGAGACGGTGCTGAC

MXAN_6644-R

AAGATGGCCAGGGAGAGC

MXAN_6645-F

CGGTGGAGTTCTCCCTGG

MXAN_6645-R

CTCAGGCACCTGGAAGGC

MXAN_6661-F

GCTGAAGGGTGTGTCGCT

MXAN_6661-R

CAACACATAGCCGTAGTGCG

MXAN_6662-F

GTGTACCAGCCCACCCAG

MXAN_6662-R

CATGACCAGCTTCATGTCGT

MXAN_6663-F

GTCCTGTCGCTGAACCTCA
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MXAN_6663-R

AGCAGCGTGAGGAACGTG

MXAN_6664-F

GTCTACATGGGCTACGCCAC

MXAN_6664-R

CTTGAGGCCCACGTACAGG

MXAN_6665-F

CACCTTCGGCATCTCCAC

MXAN_6665-R

ATGCCCACCTCGCTGTAGTA

MXAN_6765-F

GCTGCTCAACCTCATCAGTG

MXAN_6765-R

CAGGTGTTGCCCTTCTGG

MXAN_6766-F

CGGTATACCAGGCGCTGC

MXAN_6766-R

ATGAGGAACATCCCCACCAC

MXAN_6826-F

CTGATGGCCTTCCTGGAG

MXAN_6826-R

CTTCACCCCCAGGTCCTC

MXAN_6827-F

ATGCTCTACACGCTGGTGC

MXAN_6827-R

ATCACGTGGCTGGAGAACAC

MXAN_6934-F

CTGGTGGGGTTGGAGTTC

MXAN_6934-R

ATAGAAGGCGCCCAATGAG

MXAN_7114-F

ACGTCTGGGTCTACACGTCC

MXAN_7114-R

CTCTCCACCTTCTGGAGCAC

MXAN_7115-F

CCTTCACGGTGCTGTTCAC

MXAN_7115-R

GAAGGGACGGGACGACAG

MXAN_7144-F

TCATCTCCCTGAGGAACGTC

MXAN_7144-R

GGAAGACCTCCATGATTTGC

MXAN_7145-F

AGACCGAGGACGTGGAGAC

MXAN_7145-R

AGTTCCGTCAAGAGCTGCAT

MXAN_7146-F

CTCGAGGACATCTCCCTGTC

MXAN_7146-R

GAGAAGGACCAACCCACCTT
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MXAN_7225-F

GGTGAACGACATGTCACCG

MXAN_7225-R

ACGAAGCCCCAACACCAC

MXAN_7226-F

GCTGATGAAGCACATCATGG

MXAN_7226-R

GTGCTGTGACTCACGGAAGG

MXAN_7293-F

CGTTCCTGACCTTCTTCCTG

MXAN_7293-R

GGAACGTCAGCGCATACAG

MXAN_7294-F

ACCGCTTCATCCTCGTCTTT

MXAN_7294-R

GTCAGCACGTAGATGGCGT

MXAN_7295-F

CTGGCGCACCAGTTCTTC

MXAN_7295-R

CCAGTTGCGCATGAACAC
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Appendix V Tukey’s HSD test result for 180 single mutants and wild-type*
*The grouping was normalized to a -1 ~ 1 scale. In each phenotypic parameter, the mutants are arranged from the highest
value to the lowest, with the ones whose phenotype is similar to wild-type shown as 0.
MXAN#
MXAN_6575
MXAN_0037
MXAN_6576
MXAN_0684
MXAN_5781
MXAN_3258
MXAN_5747
MXAN_2949
MXAN_6569
MXAN_1097
MXAN_0108
MXAN_3257
MXAN_4623
MXAN_5167
MXAN_7294
MXAN_5168
MXAN_2078
MXAN_0685
MXAN_0107
MXAN_5502
MXAN_3256
MXAN_7225
MXAN_3718

Grayness
1.00
0.97
0.97
0.97
0.93
0.93
0.86
0.83
0.79
0.76
0.76
0.72
0.69
0.66
0.62
0.59
0.55
0.52
0.45
0.45
0.45
0.45
0.45

MXAN#
MXAN_3208
MXAN_2951
MXAN_7225
MXAN_0968
MXAN_0722
MXAN_7115
MXAN_1151
MXAN_2020
MXAN_1605
MXAN_6661
MXAN_6765
MXAN_7226
MXAN_4623
MXAN_0771
MXAN_0250
MXAN_2428
MXAN_2833
MXAN_3339
MXAN_4174
MXAN_3986
MXAN_3717
MXAN_6827
MXAN_0597

Circularity
1.00
0.97
0.97
0.93
0.93
0.90
0.90
0.87
0.83
0.83
0.80
0.77
0.73
0.70
0.67
0.67
0.63
0.60
0.57
0.53
0.50
0.47
0.43

MXAN#

hard

MXAN#

soft

MXAN#

count

MXAN#

sp

MXAN_4623
MXAN_3717
MXAN_5168
MXAN_2654
MXAN_0684
MXAN_5503
MXAN_5747
MXAN_0037
MXAN_0107
MXAN_6644
MXAN_5316
MXAN_5167
MXAN_0686
MXAN_3718
MXAN_3719
MXAN_0622
MXAN_1097
MXAN_1286
MXAN_2251
MXAN_5781
MXAN_6575
MXAN_0035
MXAN_2949

-1.00
-0.96
-0.93
-0.89
-0.85
-0.85
-0.81
-0.78
-0.78
-0.78
-0.74
-0.70
-0.67
-0.63
-0.59
-0.56
-0.56
-0.56
-0.56
-0.56
-0.56
-0.52
-0.52

MXAN_2020
MXAN_1151
MXAN_7226
MXAN_2250
MXAN_5276
MXAN_4523
MXAN_2078
MXAN_5712
MXAN_3209
MXAN_1155
MXAN_6645
MXAN_4103
MXAN_4199
MXAN_0554
MXAN_4749
MXAN_2951
MXAN_4174
MXAN_0249
MXAN_5502
MXAN_0597
MXAN_5275
MXAN_5714
MXAN_4821

1.00
0.91
0.82
0.73
0.73
0.64
0.45
0.36
0.18
0.09
0.09
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MXAN_0108
MXAN_0684
MXAN_1097
MXAN_1286
MXAN_4622
MXAN_5168
MXAN_5747
MXAN_0251
MXAN_1547
MXAN_3719
MXAN_0772
MXAN_0037
MXAN_0685
MXAN_0770
MXAN_1377
MXAN_6644
MXAN_0995
MXAN_1154
MXAN_4716
MXAN_0967
MXAN_1548
MXAN_2019
MXAN_2831

4.30
3.48
3.19
1.98
1.69
1.69
1.69
1.59
1.54
1.54
1.50
1.40
1.40
1.40
1.40
1.40
1.30
1.30
1.30
1.25
1.25
1.25
1.25

MXAN_3908
MXAN_4664
MXAN_1548
MXAN_2020
MXAN_4173
MXAN_5503
MXAN_6644
MXAN_1097
MXAN_0686
MXAN_1377
MXAN_5275
MXAN_2019
MXAN_5714
MXAN_7294
MXAN_5378
MXAN_2833
MXAN_2951
MXAN_5276
MXAN_0685
MXAN_0696
MXAN_4821
MXAN_6663
MXAN_4749

1.00
0.95
0.89
0.84
0.79
0.74
0.68
0.63
0.58
0.53
0.53
0.47
0.42
0.37
0.32
0.26
0.21
0.16
0.16
0.11
0.11
0.11
0.11
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MXAN_5712
MXAN_6568
MXAN_1319
MXAN_5503
MXAN_4749
MXAN_1151
MXAN_5378
MXAN_4586
MXAN_3339
MXAN_6643
MXAN_4622
MXAN_4173
MXAN_0250
MXAN_0696
MXAN_7295
MXAN_6661
MXAN_5316
MXAN_5714
MXAN_0722
MXAN_1286
MXAN_2018
MXAN_5713
MXAN_0771
MXAN_0687
MXAN_5780
MXAN_2853
MXAN_0968
MXAN_3986
MXAN_4821
MXAN_2251
MXAN_3648

0.41
0.38
0.38
0.38
0.34
0.28
0.28
0.24
0.21
0.21
0.21
0.17
0.17
0.14
0.10
0.10
0.10
0.10
0.10
0.10
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07

MXAN_6568
MXAN_6643
MXAN_3773
MXAN_3908
MXAN_2831
MXAN_6042
MXAN_3718
MXAN_0622
MXAN_1548
MXAN_5711
MXAN_0687
MXAN_5377
MXAN_0772
MXAN_6554
MXAN_4664
MXAN_2795
MXAN_5583
MXAN_4102
MXAN_4586
MXAN_4820
MXAN_1319
MXAN_0967
MXAN_2853
MXAN_3911
MXAN_5379
MXAN_6001
MXAN_4622
MXAN_6663
MXAN_4749
MXAN_5702
MXAN_6662

0.43
0.43
0.43
0.43
0.40
0.37
0.37
0.33
0.30
0.27
0.27
0.27
0.27
0.23
0.23
0.23
0.23
0.20
0.17
0.17
0.17
0.17
0.17
0.17
0.13
0.13
0.10
0.07
0.00
0.03
0.00

MXAN_4622
MXAN_0685
MXAN_5780
MXAN_0108
MXAN_0250
MXAN_0772
MXAN_1377
MXAN_2429
MXAN_5377
MXAN_5702
MXAN_5978
MXAN_5748
MXAN_1547
MXAN_5502
MXAN_6569
MXAN_0553
MXAN_1155
MXAN_1262
MXAN_3209
MXAN_4716
MXAN_4820
MXAN_5276
MXAN_6456
MXAN_6552
MXAN_6765
MXAN_6766
MXAN_6934
MXAN_0554
MXAN_1598
MXAN_2430
MXAN_6826

-0.52
-0.48
-0.48
-0.44
-0.37
-0.37
-0.37
-0.37
-0.37
-0.37
-0.37
-0.33
-0.26
-0.26
-0.26
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.11
-0.11
-0.11
-0.11

206

MXAN_5748
DK1622
MXAN_4102
MXAN_1598
MXAN_7146
MXAN_0629
MXAN_0722
MXAN_2249
MXAN_2251
MXAN_2832
MXAN_3648
MXAN_4820
MXAN_4879
MXAN_7114
MXAN_3208
MXAN_6042
MXAN_2430
MXAN_3339
MXAN_3773
MXAN_5183
MXAN_5702
MXAN_6551
MXAN_6643
MXAN_2833
MXAN_2948
MXAN_3911
MXAN_2831
MXAN_6554
MXAN_6568
MXAN_0553
MXAN_0771

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MXAN_2832
MXAN_2853
MXAN_3717
MXAN_5503
MXAN_0559
MXAN_0622
MXAN_1319
MXAN_2949
MXAN_3908
MXAN_5379
MXAN_5702
MXAN_6475
MXAN_0250
MXAN_0721
MXAN_1262
MXAN_3209
MXAN_3257
MXAN_4879
MXAN_5316
MXAN_5712
MXAN_6665
MXAN_0036
MXAN_4664
MXAN_5419
MXAN_5584
MXAN_5713
MXAN_6552
MXAN_6663
MXAN_0553
MXAN_1597
MXAN_2250

1.25
1.25
1.25
1.25
1.21
1.21
1.21
1.21
1.21
1.21
1.21
1.21
1.16
1.16
1.16
1.16
1.16
1.16
1.16
1.16
1.16
1.11
1.11
1.11
1.11
1.11
1.11
1.11
1.06
1.06
1.06

MXAN_6554
MXAN_7115
MXAN_4716
MXAN_0967
MXAN_3773
MXAN_0035
MXAN_0771
MXAN_5168
MXAN_1154
MXAN_2832
MXAN_4586
MXAN_0622
MXAN_5316
MXAN_6001
MXAN_6568
MXAN_3208
MXAN_0251
MXAN_0249
MXAN_6643
MXAN_1547
MXAN_5711
MXAN_7114
MXAN_6826
MXAN_6551
MXAN_5702
MXAN_1597
MXAN_0250
MXAN_0107
MXAN_0036
MXAN_4074
DK1622

0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MXAN_0966
MXAN_5702
MXAN_7226
MXAN_5276
MXAN_1605
MXAN_6827
MXAN_3650
MXAN_6042
MXAN_1790
MXAN_5379
MXAN_0251
MXAN_4174
MXAN_5419
MXAN_6553
MXAN_3208
MXAN_6644
MXAN_1377
MXAN_6765
MXAN_1695
MXAN_2249
MXAN_6554
MXAN_0772
MXAN_7114
MXAN_3209
MXAN_5317
MXAN_0249
MXAN_5978
MXAN_2020
MXAN_0967
MXAN_4172
MXAN_2250

0.07
0.07
0.07
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MXAN_3650
MXAN_2251
MXAN_4821
MXAN_0770
MXAN_7146
MXAN_0251
MXAN_1154
MXAN_1262
MXAN_7294
MXAN_1547
MXAN_2948
MXAN_4523
MXAN_6644
MXAN_4878
MXAN_3719
MXAN_5275
MXAN_5714
MXAN_6552
MXAN_4716
MXAN_4818
MXAN_6456
MXAN_7295
MXAN_0995
MXAN_4172
MXAN_5748
MXAN_5713
MXAN_4201
MXAN_7293
MXAN_0559
MXAN_2654
MXAN_7114

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MXAN_0249
MXAN_0596
MXAN_0967
MXAN_3208
MXAN_4749
MXAN_5712
MXAN_0687
MXAN_0696
MXAN_1151
MXAN_1153
MXAN_1319
MXAN_1790
MXAN_2019
MXAN_3257
MXAN_3648
MXAN_4664
MXAN_4821
MXAN_5583
MXAN_5698
MXAN_6553
MXAN_6576
MXAN_6663
MXAN_4586
MXAN_5317
MXAN_5379
MXAN_7144
MXAN_7226
MXAN_0629
MXAN_0721
MXAN_1154
MXAN_2078

-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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MXAN_0968
MXAN_6553
MXAN_1376
MXAN_7225
MXAN_0036
MXAN_0995
MXAN_1604
MXAN_2428
MXAN_3910
MXAN_5713
MXAN_5978
MXAN_6000
MXAN_6576
MXAN_6664
MXAN_1695
MXAN_5379
MXAN_6934
MXAN_2853
MXAN_3986
MXAN_4172
MXAN_4750
MXAN_4665
MXAN_3908
MXAN_5583
MXAN_6661
MXAN_7295
MXAN_1262
MXAN_4586
MXAN_4818
MXAN_6002
MXAN_6474

0.00
0.00
-0.02
-0.02
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06

MXAN_2268
MXAN_3650
MXAN_3909
MXAN_4103
MXAN_4819
MXAN_4821
MXAN_5978
MXAN_6000
MXAN_6001
MXAN_6553
MXAN_6554
MXAN_6934
MXAN_7293
MXAN_7294
MXAN_0596
MXAN_0686
MXAN_4074
MXAN_4199
MXAN_4523
MXAN_4750
MXAN_5377
MXAN_6518
MXAN_7144
DK1622
MXAN_2020
MXAN_2249
MXAN_2795
MXAN_3208
MXAN_3718
MXAN_3912
MXAN_4172

1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
0.97
0.97
0.97
0.97
0.97
0.97
0.97

MXAN_3209
MXAN_5713
MXAN_7295
MXAN_4199
MXAN_3718
MXAN_7144
MXAN_2268
MXAN_5747
MXAN_2853
MXAN_0687
MXAN_6662
MXAN_0108
MXAN_4174
MXAN_1598
MXAN_2429
MXAN_2948
MXAN_1604
MXAN_2249
MXAN_0968
MXAN_6518
MXAN_3339
MXAN_5712
MXAN_4820
MXAN_0037
MXAN_5502
MXAN_3986
MXAN_0554
MXAN_2251
MXAN_1319
MXAN_0751
MXAN_2428

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

DK1622
MXAN_5183
MXAN_2428
MXAN_7115
MXAN_2833
MXAN_1597
MXAN_0629
MXAN_2951
MXAN_2948
MXAN_3717
MXAN_3909
MXAN_0036
MXAN_4716
MXAN_0554
MXAN_4818
MXAN_6001
MXAN_0597
MXAN_4750
MXAN_6663
MXAN_5748
MXAN_6934
MXAN_6826
MXAN_4878
MXAN_0553
MXAN_6552
MXAN_1321
MXAN_2430
MXAN_1548
MXAN_4201
MXAN_4819
MXAN_4199

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MXAN_4665
MXAN_1604
DK1622
MXAN_5698
MXAN_6665
MXAN_6551
MXAN_3912
MXAN_2018
MXAN_6826
MXAN_2429
MXAN_0596
MXAN_1376
MXAN_1320
MXAN_6003
MXAN_4173
MXAN_4879
MXAN_3909
MXAN_0966
MXAN_5712
MXAN_6553
MXAN_1695
MXAN_2268
MXAN_6402
MXAN_5584
MXAN_6000
MXAN_6475
MXAN_0036
MXAN_1377
MXAN_5276
MXAN_1321
MXAN_6664

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

MXAN_4818
MXAN_0770
MXAN_3910
MXAN_4199
MXAN_6002
MXAN_6003
MXAN_7295
MXAN_3258
MXAN_4665
MXAN_7115
DK1622
MXAN_0966
MXAN_2249
MXAN_3986
MXAN_4878
MXAN_4879
MXAN_5714
MXAN_6042
MXAN_0751
MXAN_2833
MXAN_3650
MXAN_6475
MXAN_6645
MXAN_0771
MXAN_0995
MXAN_1604
MXAN_2020
MXAN_2783
MXAN_2795
MXAN_2853
MXAN_2948

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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MXAN_2795
MXAN_5167
MXAN_5317
MXAN_0596
MXAN_0966
MXAN_0967
MXAN_2018
MXAN_4173
MXAN_5711
MXAN_6456
MXAN_6662
MXAN_6766
MXAN_2407
MXAN_0772
MXAN_5378
MXAN_6003
MXAN_6402
MXAN_1124
MXAN_5698
MXAN_7293
MXAN_1605
MXAN_5377
MXAN_6001
MXAN_7115
MXAN_7294
MXAN_4878
MXAN_1321
MXAN_4201
MXAN_5419
MXAN_6518
MXAN_6665

-0.06
-0.06
-0.06
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.12
-0.16
-0.16
-0.16
-0.16
-0.18
-0.18
-0.18
-0.20
-0.20
-0.20
-0.20
-0.20
-0.24
-0.24
-0.24
-0.24
-0.24
-0.24

MXAN_5183
MXAN_6551
MXAN_0629
MXAN_0751
MXAN_0966
MXAN_1153
MXAN_1320
MXAN_1790
MXAN_2251
MXAN_2429
MXAN_2783
MXAN_2951
MXAN_4201
MXAN_5167
MXAN_5711
MXAN_5714
MXAN_6568
MXAN_6662
MXAN_6826
MXAN_7114
MXAN_7225
MXAN_1376
MXAN_2018
MXAN_2948
MXAN_3911
MXAN_4665
MXAN_4878
MXAN_5502
MXAN_6569
MXAN_6645
MXAN_7146

0.97
0.97
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.92
0.87
0.87
0.87
0.87
0.87
0.87
0.87
0.87
0.87
0.87

MXAN_2078
MXAN_5978
MXAN_5419
MXAN_0770
MXAN_4819
MXAN_4103
MXAN_0629
MXAN_4665
MXAN_6766
MXAN_3650
MXAN_3912
MXAN_4818
MXAN_0559
MXAN_3719
MXAN_1124
MXAN_3910
MXAN_1155
MXAN_0722
MXAN_0772
MXAN_0596
MXAN_0684
MXAN_3911
MXAN_5379
MXAN_2407
MXAN_0995
MXAN_7146
MXAN_5183
MXAN_5780
MXAN_5698
MXAN_4172
MXAN_1151

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-0.02
-0.02
-0.05
-0.07
-0.07
-0.07
-0.07
-0.09
-0.09
-0.09
-0.09
-0.11
-0.13
-0.14

MXAN_7144
MXAN_6474
MXAN_6456
MXAN_4074
MXAN_1154
MXAN_6475
MXAN_6003
MXAN_2795
MXAN_2429
MXAN_6551
MXAN_3719
MXAN_4664
MXAN_6002
MXAN_6662
MXAN_4665
MXAN_4820
MXAN_3773
MXAN_6665
MXAN_6766
MXAN_0622
MXAN_1153
MXAN_0721
MXAN_5698
MXAN_5711
MXAN_2831
MXAN_2407
MXAN_1155
MXAN_2019
MXAN_0686
MXAN_6518
MXAN_0596

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-0.09
-0.09
-0.09
-0.09
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27

MXAN_0249
MXAN_2249
MXAN_4074
MXAN_6645
MXAN_6518
MXAN_6002
MXAN_7144
MXAN_0685
MXAN_0629
MXAN_5419
MXAN_4199
MXAN_2019
MXAN_4819
MXAN_0553
MXAN_1153
MXAN_3209
MXAN_1598
MXAN_1597
MXAN_2832
MXAN_2783
MXAN_2430
MXAN_6766
MXAN_6934
MXAN_0751
MXAN_1790
MXAN_4103
MXAN_3910
MXAN_3256
MXAN_5317
MXAN_0721
MXAN_6474

0.00
0.00
0.00
0.00
0.00
0.00
0.00
-0.02
0.00
-0.05
-0.05
-0.05
-0.07
-0.07
-0.09
-0.09
-0.11
-0.14
-0.14
-0.14
-0.16
-0.20
-0.23
-0.23
-0.23
-0.25
-0.27
-0.27
-0.27
-0.30
-0.30

MXAN_3339
MXAN_3773
MXAN_3908
MXAN_3909
MXAN_3912
MXAN_4173
MXAN_4201
MXAN_4819
MXAN_5378
MXAN_5419
MXAN_5584
MXAN_6474
MXAN_6662
MXAN_6665
MXAN_7114
MXAN_7293
MXAN_2018
MXAN_2951
MXAN_4172
MXAN_2832
MXAN_1124
MXAN_1695
MXAN_1605
MXAN_4074
MXAN_4174
MXAN_4750
MXAN_1376
MXAN_2428
MXAN_1597
MXAN_0559
MXAN_0968

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.06
0.11
0.11
0.11
0.11
0.17
0.17
0.28
0.28
0.28
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MXAN_2268
MXAN_3650
MXAN_6644
MXAN_0251
MXAN_0721
MXAN_1153
MXAN_1320
MXAN_1790
MXAN_2783
MXAN_4074
MXAN_6475
MXAN_6552
MXAN_6663
MXAN_7144
MXAN_6765
MXAN_1154
MXAN_1597
MXAN_4819
MXAN_3909
MXAN_6827
MXAN_0751
MXAN_1548
MXAN_6569
MXAN_2019
MXAN_3912
MXAN_4664
MXAN_6826
MXAN_1319
MXAN_0770
MXAN_5584
MXAN_0250

-0.24
-0.24
-0.24
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27
-0.27
-0.31
-0.33
-0.35
-0.35
-0.39
-0.39
-0.41
-0.41
-0.41
-0.45
-0.45
-0.45
-0.45
-0.47
-0.49
-0.49
-0.51

MXAN_0107
MXAN_0554
MXAN_0696
MXAN_2428
MXAN_2654
MXAN_2833
MXAN_3910
MXAN_4820
MXAN_5276
MXAN_5583
MXAN_6002
MXAN_6042
MXAN_6474
MXAN_7295
MXAN_0249
MXAN_1155
MXAN_1321
MXAN_1598
MXAN_1605
MXAN_2078
MXAN_2430
MXAN_4102
MXAN_4586
MXAN_5275
MXAN_5317
MXAN_5698
MXAN_6003
MXAN_6402
MXAN_6456
MXAN_6664
MXAN_0035

0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.72

MXAN_5748
MXAN_6827
MXAN_5584
MXAN_1320
MXAN_2795
MXAN_1286
MXAN_4750
MXAN_0553
MXAN_6765
MXAN_4523
MXAN_2430
MXAN_0597
MXAN_1695
MXAN_5167
MXAN_6002
MXAN_3648
MXAN_7293
MXAN_6402
MXAN_5583
MXAN_6456
MXAN_6552
MXAN_6661
MXAN_6042
MXAN_7226
MXAN_4878
MXAN_1153
MXAN_1790
MXAN_3717
MXAN_6664
MXAN_1376
MXAN_6000

-0.14
-0.16
-0.16
-0.16
-0.18
-0.20
-0.20
-0.20
-0.21
-0.21
-0.21
-0.21
-0.21
-0.23
-0.27
-0.29
-0.29
-0.29
-0.30
-0.32
-0.34
-0.34
-0.34
-0.36
-0.38
-0.39
-0.39
-0.41
-0.41
-0.41
-0.45

MXAN_5584
MXAN_1262
MXAN_0559
MXAN_5377
MXAN_3908
MXAN_5275
MXAN_1604
MXAN_1598
MXAN_6402
MXAN_7146
MXAN_2268
MXAN_2654
MXAN_0995
MXAN_0751
MXAN_0770
MXAN_3910
MXAN_6664
MXAN_1547
MXAN_0035
MXAN_2783
MXAN_4523
MXAN_4103
MXAN_1320
MXAN_2832
MXAN_1376
MXAN_1124
MXAN_4879
MXAN_7293
MXAN_6645
MXAN_3911
MXAN_6000

-0.27
-0.27
-0.27
-0.27
-0.27
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.36
-0.45
-0.45
-0.45
-0.45
-0.45
-0.55
-0.64
-0.73
-0.82

MXAN_0108
MXAN_4750
MXAN_1124
MXAN_5978
MXAN_1286
MXAN_5502
MXAN_0686
MXAN_2078
MXAN_5378
MXAN_3257
MXAN_1155
MXAN_1097
MXAN_2250
MXAN_0554
MXAN_5168
MXAN_5183
MXAN_3648
MXAN_2407
MXAN_5747
MXAN_0035
MXAN_5167
MXAN_5503
MXAN_0696
MXAN_5316
MXAN_0107
MXAN_5780
MXAN_2949
MXAN_6569
MXAN_3258
MXAN_5781
MXAN_6576

-0.30
-0.32
-0.34
-0.36
-0.39
-0.39
-0.41
-0.43
-0.45
-0.45
-0.48
-0.50
-0.55
-0.59
-0.61
-0.64
-0.66
-0.68
-0.70
-0.73
-0.75
-0.80
-0.82
-0.82
-0.84
-0.86
-0.86
-0.91
-0.93
-0.95
-0.98

MXAN_1548
MXAN_3256
MXAN_4103
MXAN_5713
MXAN_6551
MXAN_6554
MXAN_6661
MXAN_6827
MXAN_2250
MXAN_0722
MXAN_6643
MXAN_2268
MXAN_2407
MXAN_6402
MXAN_6664
MXAN_5275
MXAN_5183
MXAN_6518
MXAN_6568
MXAN_7225
MXAN_0251
MXAN_0036
MXAN_0597
MXAN_1320
MXAN_3911
MXAN_6001
MXAN_7146
MXAN_7294
MXAN_4523
MXAN_2831
MXAN_6000

0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.39
0.44
0.50
0.50
0.56
0.56
0.56
0.56
0.61
0.67
0.67
0.67
0.67
0.72
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.83
0.89
0.89
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MXAN_1547
MXAN_6575
MXAN_2429
MXAN_0687
MXAN_0696
MXAN_1097
MXAN_5747
MXAN_3719
MXAN_4716
MXAN_3718
MXAN_1377
MXAN_0037
MXAN_0622
MXAN_0559
MXAN_0685
MXAN_2949
MXAN_5316
MXAN_0035
MXAN_0686
MXAN_0107
MXAN_1286
MXAN_0108
MXAN_4622
MXAN_3717
MXAN_0684
MXAN_4623
MXAN_2654
MXAN_5503
MXAN_5168
MXAN_3258
MXAN_3256

-0.51
-0.51
-0.53
-0.57
-0.57
-0.61
-0.61
-0.63
-0.65
-0.67
-0.71
-0.73
-0.73
-0.75
-0.75
-0.75
-0.75
-0.76
-0.80
-0.80
-0.84
-0.86
-0.86
-0.88
-0.90
-0.90
-0.92
-0.92
-0.94
-0.96
-0.98

MXAN_0771
MXAN_1124
MXAN_3648
MXAN_3773
MXAN_4173
MXAN_4749
MXAN_4818
MXAN_6661
MXAN_0597
MXAN_1604
MXAN_1695
MXAN_2407
MXAN_4174
MXAN_5781
MXAN_6766
MXAN_3986
MXAN_5378
MXAN_5748
MXAN_5780
MXAN_7226
MXAN_1151
MXAN_4623
MXAN_6765
MXAN_7115
MXAN_0687
MXAN_0722
MXAN_0968
MXAN_3339
MXAN_6827
MXAN_6643
MXAN_3256

0.72
0.72
0.72
0.72
0.72
0.72
0.72
0.72
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.63
0.63
0.63
0.63
0.63
0.58
0.58
0.58
0.58
0.53
0.53
0.53
0.53
0.53
0.48
0.43

MXAN_0966
MXAN_6665
MXAN_6645
MXAN_5781
MXAN_7225
MXAN_2018
MXAN_6003
MXAN_0721
MXAN_1262
MXAN_5317
MXAN_2949
MXAN_2250
MXAN_5377
MXAN_6475
MXAN_1605
MXAN_3909
MXAN_2831
MXAN_6474
MXAN_4102
MXAN_4201
MXAN_1321
MXAN_6934
MXAN_6553
MXAN_6569
MXAN_4879
MXAN_2783
MXAN_4622
MXAN_4623
MXAN_6575
MXAN_6576
MXAN_2654

-0.46
-0.46
-0.46
-0.48
-0.50
-0.52
-0.52
-0.52
-0.52
-0.54
-0.55
-0.57
-0.57
-0.57
-0.59
-0.61
-0.63
-0.64
-0.66
-0.68
-0.70
-0.71
-0.73
-0.75
-0.77
-0.79
-0.80
-0.84
-0.88
-0.89
-0.93

MXAN_3912
MXAN_4102
MXAN_5583

-0.91
-0.91
-1.00

MXAN_6575
MXAN_0037
MXAN_0684

-1.00
-1.00
-1.00

MXAN_1321
MXAN_5711
MXAN_4102

0.94
0.94
1.00
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MXAN_3257 -0.98
MXAN_5780 -1.00
MXAN_5781 -1.00

MXAN_3258
MXAN_6576
MXAN_6575

0.43
0.34
0.14

MXAN_3257 -0.96
MXAN_3256 -0.96
MXAN_3258 -1.00
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